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Preface to the English Edition 


This book is intended for students and post-graduates—biologists 
and physicists—who study biophysics. The book has emerged from 
the lectures given by the author for many years at the Moscow 
Physico-Technical Institute and from two monographs published 
varlier. The first of these monographs, Molecular Biophysics, was 
published in -Russian in 1975 and in English by Academic Press in 
1977. The second, General Biophysics, was issued in Russian in 1978 
and is being prepared for publication by Academic Press. A con- 
siderable part of the book has been written anew. At the same time, 
the above two monographs are recommended to the reader for a more 
thorough study of the subject. They are provided with extensive 
bibliography. 

In my opinion, biophysics is not a subsidiary branch of biology 
hut a legitimate part of the physical sciences. Biophysics is the 
physics of living things. Accordingly, an attempt has been made 
to divorce biophysics from physiology, though these fields overlap 
(ou a considerable extent. Though the book is devoted mainly to the 
\heoretical problems of biophysics, it also deals with the most impor- 
tant experimental findings. 

| am well aware of the difficulties associated with the writing of 
un encyclopedic course of biophysics by one author. Today, biophys- 
ics is a very vast, complicated and diversified branch of uaturab 
science and one cannot be, so to say, a jack-of-all-trades, a specia- 
list equally well versed in all“the problems dealt with in biophysics. 


6 
This unavoidably leads to deficiencies of exposition. The author will 
appreciate all critical remarks from the reader. 

The author expresses his gratitude to Professors L. A. Blumenfeld 
and A. B. Rubin who read the manuscript and made valuable sugges- 


tions. 
M. Volkenshtein 
Moscow, March 1982 


Contents 


PYefaC@:: set 1--2o oi, alos a> as bg WR se RB bls, dam Gn US he a EE ast 


Chapter 1. Goals and Methods of Biophysics . tie. <a sae 

1.1. The Place of Biophysics in Natural Sciences ....... a 
1.2. Physics and Biology ...........0.2.0 5002. e ee 
1.3. Living and Inanimate Nature .............0046-6 
1.4. Biological Individuality ...............24208- 
1.5. Finalism and Causality ............0.+0+02008.8 
1.6. The Properties of Open Systems ............44.4- 
1.7. Scope and Methods of Biophysics .............4.- 


Chapter 2. Chemical Foundations of Biophysics . Was Sanh. tee an es 
2.14. Chemistry and Biology . 1... 1.1... . ee ee ee ene 
2.2<Amino -ACids: 9 a. eg ee oe Pe ew ea 
2.3, Electrolytes)... 2 0-05 ok nk ke 
2.4. The Composition and Primary Structure of Proteins ...... 
2.5. Nucleic Acids ...........200-00088 ee halk cw hes 
2.6. -Adeniylates: <4. 4) se GUS) ea ee Rae He a es, ee a? es ee 
2.7. The Chirality of Biological Molecules ............ 
2.8. Carbohydrates and Lipids ............20+0206. 
2.9. Cofactors, Vitamins, and Hormones ...........6-. 
2.40. The Main Biochemical Processes .........+4.4-2e28+4 
2.11. Strong and Weak Interactions .......2... gi bat SS Vs 


Chapter 3. Physics of Macromolecules. . . . . 2... 6 2 es eee 
3.4. Macromolecules and Rubber Elasticity .........2.se- 
3.2. Internal Rotation and Rotational Isomerism .........- 
3.3. The Rotational-Isomeric Theory of Macromolecules ....... 
3.4. The Macromolecule as a Cooperative System .....-.e-ee-- 
3.5. The Coil and the Globule .......2-2.+ ese ee eee 
3.6. Methods of Investigation of Macromolecules .......2--6-. 
3.7. Polyelectrolytes iecighe Wh dec ISG cil a6? 6h Oe cod OLA T Aa thee: Sen ved 38 


8 Contents 


Chapter 4. Physics of Proteins . en 4 et ge “ee oe" te XS bers 
4.4. The Goals of Protein Physics . .. 2... 1... ee ee eee 
4.2. Conformations of the Polypeptide Chain ........... - 
4.3. The Hydrogen Bond and the Structure of Water .......-.-. 
4.4, Helix-Coil Transitions .........-.-...-2.0.-0088 
4.5. The Protein Globule and Hydrophobic Interactions ....... 
4.6. Relationship Between the Primary and the Three-Dimensional 

Structure of Proteins .... 2... 2... 2... 0.04 ee ee 
4.7. The Structure and Stability of the Globule . ......... 
4.8. Antibodies and Antigens .............+2-22-. 
4.9. Fibrous Proteins .. 2... 1... 1. eee ee ee ee 


Chapter 5. Methods of Investigation of the Structure of Biopolymers . 

5.14. X-Ray Diffraction Analysis. ..........-..2-2-+286 
5.2. Diffuse Scattering of X-Rays by Solutions of Biopolymers .. 
5.3. Methods of Nuclear Physics ...........5.. 028086 
5.4. Electronic Absorption Spectra .........2-50-00- 
5.5. Luminescence . 2... 1 1 2 ee ee ee et ww tw 
5.6. Optical Activity 2... 1... 6 ee ee ee < 
5.7. Optical Activity of Biopolymers .........-.+-+628- 
5.8. Magnetic Optical Activity ............-48-4- . 
5.9. Vibrational Spectra... 1... 2... 2 ee ee ee 
5.40. Nuclear Magnetic Resonance and Electron Paramagnetic Resonance 


Chapter 6. Physics of Enzymes . ha Braga: A 

6.1. Chemical Kinetics and Catalysis .............8.-. 
6.2. Kinetics of Simple Enzymatic Reactions ..........4.. 
6.3. Chemical Aspects of Enzyme Action ............-- 
6.4. Conformational Properties of Enzymes ............ 
6.5. Physics of Enzyme-Substrate Interactions .......... 
6.6. Electronic-Conformational Interactions ........-...-. 
6.7. Cooperative Properties of Enzymes ...........4... 
6.8. Myoglobin and Hemoglobin ...........-...046 


Chapter 7. Physics of Nucleic Acids . 5 ee ath Bee bel deh oe 
7.4. Molecular Biology and Physics ............46.4. 
7.2, The Structure of Nucleic Acids ...............0- 
7.3. Intramolecular Interactions in the Double Helix ...... ? 
7.4. Thermodynamics of Melting of the Double Helix ........ 
7.5. Kinetics of Unwinding of the Double Helix ......... ‘ 
7.6. Interaction of the Double Helix with Small Molecules and Ions 
7.7. Replication of DNA «2... 2... 2 ee ee ee . 


Chapter 8. Physics of Protein Biosynthesis . Bo Bes ae ee tee woe Be 
8.4. The Problem of the Genetic Code ............... 
8.2. Protein Biosynthesis ............0..0.5.08806 
8.3. Transcription and Reverse Transcription .......... . 


95 


Contents 


8.4. Transfer RNA «2 1 2 we ee ee ee ee ee 
8.5. Translation . .. 2... 2 ee ee ee ew ee bye her eS 
8.6. Deciphering of the Genetic Code and Its Meaning Bes Sty ig aed 


8.7. Mutations es aS) Min id osha seo cee ses 16 Genel BP od, SCA! awe Geetha. tee GP % 


Chapter 9. Nonequilibrium Thermodynamics in Biology . 


9.4. Information and Entropy .......-.5050-2208- 
9.2. Nonequilibrium Processes ..........-.-+-+-++++% 
9.3. Coupling of Fluxes ..........2.2.2.00 0088 
9.4. Coupling of Chemical Reactions ............. 
9.5. Steady Statesof LinearSystems ............--. 


9.6. Coupling of Chemical Reactions to Transport of Matter 


9.7. Far-from-Equilibrium Processes) ..... Ge aE as OND. Sr Ge 


Chapter 10. Physics of Membranes . 


10.4. Cell Membranes .. 1... 2... ee eee eee eee 
10.2. The Structure of Membranes ..........-...4. 
10.3. Conformational Properties of Membranes ......... 
10.4. Passive Membrane Transport ........--.e ees 
10.5. Active Membrane Transport ..........-+---. 
10.6. Transport of Charged Particles Through Membranes ... . 
10.7. Molecular Reception ...........2e.22806-8 


Chapter 11. Physics of the Nerve Impulse . 


41.1. The Axon and the NerveImpulse ............. 
41.2. Propagation of the Nerve Impulse ............ 
11.3. Generation of the Nerve Impulse ............ 
11.4. Ionic Channels . 2... 1. wee ee ee ee 
11.5. Synaptic Transmission ........-...2.-2.-080004 


Chapter 12. Mechanochemical Processes . 


12.1. Thermodynamics of Mechanochemical Processes de da eee F 
12.2. The Structure of the Muscle and Muscle Proteins .... . 
12.3. The Chemistry and Physics of the Muscle ......... 
12.4. The Theory of Muscular Contraction ........... 
12.5. The Kinetic Properties of the Muscle ........... 
12.6. Mechanochemical Systems ...........-.-.-. 
12.7. Biomechanics ... 1... ee ee ee ee ee 


Chapter 13. Bioenergetics of the Respiratory Chain . 


13.4. Biological Oxidation ...........2.-00004 
13.2. The Structure and Properties of Mitochondria ....... 
13.3. Chemiosmotic Coupling ..... aie wae ania OS GO 
13.4. Electronic-Conformational Interactions ......... 
13.5. Cytochrome c aie ea ee ee i ee Ee a 


10 Contents 


‘Chapter 14. Photobiological Processes . oe fs fet Fiat Kees 2s oak wlan gar 

14.1. Photosynthesis .......... 2-4. ee ee ee eee 
14.2. Two Photochemical Systems ...........- e+e es 
414.3. Chloroplasts. 5k we ee 
44.4. The Mechanism of Photosynthesis .............0e-8 
14:5: Nision® »° 24 eve. Rahs See ho a eS Se ea fe AT SO ee 
14.6. The Molecular Mechanism of Photoreception ......... 
14.7. Bacteriorhodopsin ... 1... ee ee ee ee ee ee 


Chapter 15. Modelling of Dynamic Biological Processes . i ee 
15.4. Dynamic Order ...... 2... 2. eee ee ee ee ee 
15.2. Physico-Mathematical Foundations of the Dynamics of Nonlinear 
Processes? aw 2 ace te Se ae chy Rip ce a tee Se ee SE 
15.3. Lotka-Volterra Models .. 1... 1... ee ee ee ee es 
15.4. Autocatalytic Systems ...........0+6..5800.4 
15.5. Phase Transitions ........-.-0 20-0850 + ee eee 
15.6. Stochastic Processes .. 1... 2 ee eee ee ee ee 
15.7. Dynamics and Regulation .............-0048. 


Chapter 16. Periodic Chemical and Biological Processes . 

16.1. Introduction .. 2... 1... ee ee 
16.2. Belousov-Zhabotinsky Reactions .............. 
16.3. Auto-oscillations in Glycolysis ...........24804 
16.4. Auto-oscillations in. Photosynthesis ............. 
16.5. Nonlinear Dynamics of Membranes ............. 
16.6. Autowave Processes in the Cardiac Muscle .......... 


‘Chapter 17. Problems of Biological Evolution and Development . 
17.4 The Origin of Life ...............-.0200.0. 
17.2. Modelling of Prebiotic Evolution .............. 
17.3. Game Models and Informational Aspects of Self-Organization 
17:4... Hypercycles| oo tee ty He a ce ee we Ae we a 
17.5. Other Models of Prebiological Evolution ........... 
17.6. Biological Evolution ..........-...0..00048. 
47.7. Ontogenesis © 6: 36° satis fn oe OS es Galea oh OS Se. Sela ey a 
17.8. Immunity” 9: oss 6. Roig a ee es a A ht oe Pa ee es 
17.9. Biological Evolution and Information Theory ........ 
17.10. Complexity and Evolution ................ 
Recommended Literature .............050 2.002808 
Name. Index>. sissy Be oe eek ae wg eo be a Re es 
Subject Index . 2... 


466 
466 
472 
477 
481 
485 
489 
497 


504 
504 


Chapter 1 Goals and Methods of Biophysics 


1.1. The Place of Biophysics in Natural Sciences 

We shall adopt the definition of physics as a science dealing with 
the study of the structure and properties of concrete forms of mat- 
ter—substances and fields, and of the forms of existence of matter— 
space and time. This definition does not imply any discrimination 
between living organisms and inanimate matter. It does not reduce 
the entire natural science to physics, but it indicates that the basic 
theoretical foundations of any branch of natural science are of 
a physical nature. Such foundations have already been discovered in 
chemistry and today we know that chemistry is concerned with 
the study of the structure of the electronic shells of atoms and mole- 
cules and of its change in the course of their interactions. Accordingly, 
theoretical chemistry is based at present on quantum and statisti- 
cal mechanics, on thermodynamics and physical kinetics. 

Biology is a science dealing with living organisms which are 
immeasurably more complicated than nonliving matter. Therefore, 
we have still to travel a long path before we can get a more pene- 
trating insight into the deep-seated physical laws and principles 
governing biological phenomena. 

Based on what has been said above, we define biophysics as the 
physics of life phenomena studied at all levels, from molecules and 
cells to the biosphere as a whole. Such a definition of biophysics 
contrasts with its being regarded as a subsidiary branch of biology 
and physiology. The content of biophysics is not necessarily associat- 
ed with the application of physical instruments in a biological 
experiment. A clinical thermometer, an electrocardiograph, and a 
microscope are all physical instruments, but physicians and biologists 
who employ these devices are not at all concerned with biophysics. 

A biophysical investigation commences with the physical formula- 
tion of a problem pertaining to living organisms. This means that 
such a problem is formulated on the basis of the general laws of 
physics and the atomic and molecular structure of substances. 

Thereby, the ultimate goal of biophysics consists in substantiating 
theoretical biology. At the same time, biophysics is concerned with 
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the solution of numerous theoretical and practical (applied) problems 
of a more specific nature. 

The formulation of the biophysical task is possible so far only in 
a limited number of cases. Living systems are so complex that biolo- 
gical knowledge is mostly insufficient for physical approaches to be 
worked out. Biology, however, is progressing at a very rapid rate and 
the development of biophysics is inseparably tied up with the ad- 
vancement of biology. 

Biophysics is a science of the 20th century. This is not to say that. 
biophysical problems had not been solved at all before. Maxwell 
enunciated his theory of colour vision, Helmholtz measured the 
velocity of propagation of the nervous impulse. Many other exam- 
ples could be cited. However, only in our time has biophysics swit- 
ched over from the study of the physical properties of living organ- 
isms and of their physical stimulation (light, sound, electricity) to 
the investigation of the fundamental problems—heredity and vari- 
ability, ontogenesis and phylogenesis, metabolism and bioenergetics. 
This has been made possible only as a result of the vigorous develop- 
ment of biology and biochemistry. 

The objectives of biophysics are analogous to those of biology. 
They consist in understanding and interpreting life phenomena. 
Being a part of physics, biophysics is inseparable from biology. 
The biophysicist must have both physical and biological knowledge. 
For the work in the field of biophysics to be successful, a general 
understanding of living matter is desirable, which can be achieved 
through the knowledge of the fundamentals of zoology and botany, 
physiology and ecology. Physicists often neglect the descriptive 
sections of biology. The knowledge of zoology and botany is funda- 
mentally significant; without Linnaeus the Darwin theory of evolu- 
tion could not have originated. 

Despite serious difficulties, modern biophysics has made great 
advances in the explanation of a number of biological phenomena. 
We have learnt a lot about the.structure and activity of biologically 
functional molecules, about the properties and mechanisms of the 
function of cellular structures, such as membranes, bioenergetic 
organelles, mechanochemical systems. Physico-mathematical models 
of biological processes are being successfully constructed, including 
those of ontogenesis and phylogenesis. General theoretical approa- 
ches to life phenomena have been worked out, which are based on 
thermodynamics, information theory, the theory of automatic con- 
trol. All these topics will be examined in this book in varying degrees 
of detail. In accordance with the definition of biophysics as the 
physics of life phenomena, we shall resort to physical laws rather 
than to the physiological classification. For example, the reception 
of external stimuli by sense organs is considered in various sections 
of the book—vision in a chapter devoted to photobiological phenom- 
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ena; the senses of hearing, and touch in a chapter dealing with 
mechanochemical processes; the sense of smell is treated in connec- 
tion with the physics of molecular recognition. 


1.2. Physics and Biology 

We may ask: Is contemporary physics sufficient for the solution 
of biological problems, for the substantiation of theoretical biolo- 
gy? Perhaps, biophysics will need a new, as yet non-existent phys- 
ics? There occurred situations in the history of science, when the 
earlier developed theory reached its limits of applicability and it 
proved necessary to build up a fundamentally new set of concepts. 
It is exactly in this way that the theory of relativity and quantum 
mechanics emerged. The possibility is not excluded a priori that true 
biophysics must be built up on the basis of the yet unknown future 
physics, essentially different from modern physics. 

We put aside the concept of vitalism, according to which biological 
phenomena are basically incomprehensible on the basis of physics and 
chemistry since there exists a certain mysterious “vital force”, or 
entelechy, or a biological field, which are not amenable to a physi- 
cal interpretation. The vital-force theory has nothing to do with 
science; it denies the unity of nature and, in the final run, leads to 
theology. Vitalistic conceptions are no longer existent today in 
modern science. 

While discussing the possibilities of a physical interpretation of 
life phenomena, i.e., the impact of physics on the present-day and 
further development of biology, we should not forget about the 
influence of biology on physics. The law of conservation of energy, 
which is the first law of thermodynamics, was discovered by Mayer, 
Joule, and Helmholtz. As is known, Mayer’s conceptions were based 
on observations of living organisms, human beings. It is less widely 
known that Helmholtz too used biological phenomena, being guided 
by a distinct antivitalistic conception. He wrote, “According to 
Stahl, the forces that are operating in a living body are in essence the 
physical and chemical forces of the organs and substances, but some 
living soul or life force inherent in the body is capable of binding 
or releasing their activity ... I have found that the Stahl theory 
ascribes to any living body the properties of a so-called perpetuum 
mobile ( a perpetual-motion machine) ... Thus, I have run across the 
question of what relationships exist between the various natural 
forces if it is assumed that the perpetuum mobile is absolutely impos- 
sible...”. Not only biophysics but physics too as a whole had to 
overcome the vital-force theory in the course of their development. 

Let us consider the concepts of the interrelationship between 
physics and biology that have been worked out by the physicists of 
the twentieth ,century—Bohr and Schrédinger. 
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Bohr treated this problem on the basis of the principle of com- 
plementarity, a special case of which is the Heisenberg uncertainty 
principle. Bohr maintained that the biological laws proper are 
complementary to the laws obeyed by inanimate things. The physico- 
chemical properties of a living organism and the life phenomena 
cannot be studied simultaneously—the cognition of one excludes 
that of the other. Life should be looked upon as the basic postulate 
of biology that does not lend itself to further analysis, just as the 
existence of a quantum of action forms the elementary basis of nucle- 
ar physics. Thus, Bohr believed that biological and physico-chemi- 
cal investigations are complementary to each other, i.e., are incom- 
patible, though not contradictory. This concept is not vitalistic 
since it denies the existence of a limit to the application of physics 
and chemistry for the solution of biological problems. Bohr wrote 
that no single result of a biological investigation can be described 
unambiguously unless the physical and chemical concepts are resort- 
ed to. 

Bohr’s view changed with the progress of modern biology. Later, 
he spoke of a complementarity between the physico-chemical con- 
siderations practically employed in biology and the concepts that 
are directly associated with the unity of the organism and go beyond 
the framework of physics and chemistry. The utilization of the con- 
cept of complementarity in biology was advocated by Bohr through 
reference not to the postulative nature of the life concept but to the 
extreme complexity of the organism as a whole system. In other 
words, not a fundamental but rather a practical, i.e., surmountable, 
complementarity is meant. This cannot be disputed. 

In 1945 Schrédinger published a book called What is Life? which 
exerted a substantial impact on the development of biophysics and 
molecular biology. Several problems of fundamental significance are 
treated in detail in this book. The first of these is the thermodynamic 
foundations of life. At first glance there is a distinct contradiction 
between the evolution of an isolated physical system towards the 
state of maximum entropy, i.e., disorder (the second law of thermo- 
dynamics), and biological evolution which goes from the simple to 
the complex. Schrodinger stated that the living organism “feeds on 
negative entropy”. This means that the organisms and the biosphere 
as a whole are not isolated but open systems which exchange both 
matter and energy with the outside world. The nonequilibrium state 
of an open system is maintained through the outflow of the entropy 
into the surroundings. The second problem is the general structural 
features of organisms. In Schrédinger’s words, an organism is an 
aperiodic crystal, i.e., a highly ordered system, like a solid body, 
but devoid of the periodicity in the arrangement of cells, molecules, 
and atoms. This statement is valid for the structure of organisms, 
cells, and biological macromolecules (proteins, nucleic acids). As we 


1.3. Living and Inanimate Nature 15 


shall see, the concept of the aperiodicity of a crystal is essential to 
the treatment of life phenomena on the basis of information theory. 
The third problem is the conformity of hiological phenomena to the 
laws of quantum mechanics. While discussing the results of the 
radiobiological investigations carried out by Timofeev-Ressovsky, 
Delbriick, and others, Schrédinger pointed out the quantum nature 
of radiation mutagenesis. At the same time, the applications of 
quantum mechanics in biology are not trivial since living organisms 
are essentially macroscopic. Schrodinger posed the question: “Why 
are atoms small?” It is obvious that this question is meaningless if 
no point of reference is specified. They are small in comparison with 
our measures of length—the metre, the centimetre. But these mea- 
sures are determined by the dimensions of the human body. Hence, 
Schrodinger says, the question should be reformulated: why are 
atoms much smaller than the organisms? In other words, why are 
the organisms built up of a large numbers of atoms? Indeed, the 
number of atoms in the smallest bacterial cell /ycoplasma laidlawii 
is of the order of 10°. The answer to the question is that the order- 
liness necessary for life is possible only in a macroscopic system;. 
otherwise, the order would be destroyed by fluctuations. And, final- 
ly, Schrodinger posed the question of the stability of the substance 
of genes, which is made up of the light atoms, C, H, N, O, and P, 
during the lifetime of numerous generations. The answer to this 
question was later provided by molecular biology which established 
the double-helical structure of deoxyribonucleic acid (DNA). 

We shall not, dwell on the works of some physicists who main- 
tained that biological phenomena do not conform to the laws of phys- 
ics (Elsasser, Wigner, and others). The erroneousness of these works. 
was disclosed in scientific literature. 

There is every ground today to assert that modern physics is not 
approaching its limits of applicability for the treatment of bio- 
logical phenomena. It is hardly probable that such limits will be 
reached in the future. On the contrary, the advancement of biophys- 
ics as a part of modern physics points to its unlimited possibili- 
ties. One has, of course, to introduce new physical conceptions but 
not new principles and laws. 


1.3. Living and Inanimate Nature 

Let us first define a living organism as an open, self-regulating, 
self-reproducing and developing heterogeneous system whose most 
important functional substances are biopolymers—proteins and 
nucleic acids. A living organism is a historical system in the sense 
that it is the result of the phylogenetic evolution and itself covers 
oy Pau of ontogenetic development—from zygote to old age and 
eath. 
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The conventional physics of inanimate matter has nothing to do 
with history. The electron, atom, and molecule are characterized by 
constant physical properties, irrespective of their origin. Of course, 
conventional physics deals with kinetic, dynamic processes. The 
individual past history of a physical body is not considered, 
however. 

What has been said above does not mean that there are no histori- 
cal problems in the physics of inanimate nature. The origin of living 
matter itself, its evolution, and the individual development of each 
species is a part of the development of the Universe as a whole, a part 
of the development of the solar system, a part of ,the development 
of the Earth. Hence, there is every reason to consider the similarity 
and differences between biophysics, on the one hand, and cosmology, 
astrophysics, and geophysics, on the other. This is instructive 
because these different branches of physics may enrich each other 
with unified approaches to the solution of historical problems. 

According to modern concepts, the history of the Universe begins 
with a small cluster of high-density plasma. About 2 x 10!° years 
ago this plasma cluster began to expand explosively, electrons and 
nuclons emerging from photons and neutrinos; as the Universe cooled, 
light and then heavy atoms were formed. Evidently, the expansion 
of Universe is a continuous and irreversible process. The forces of 
gravity made possible the formation of stars and galaxies. On high 
gravitational compression the temperature of a star rises up to the 
moment when there occur thermonuclear processes. These processes 
are responsible for the evolution of stars, for catastrophic events 
(so-called cataclysms of nature), such as the appearance of superno- 
vae. The Sun is a star which is in a certain stage of evolution; the 
formation of the planets is one of the consequences of the develop- 
ment of the sun. According to present-day findings, the Earth exists 
for about 4.5 x 10° years and the life on the Earth for about 3.5 x 
x 10° years. 

Cosmology and astrophysics are based on the theory of relativity 
and quantum (nuclear) physics, on thermodynamics and statistical 
mechanics. The evolution of stars is not linked up with their “strug- 
gle for existence”, i.e., with their interactions with the environment 
and with competing interrelationships. This is a non-Darwinian 
evolution. Accordingly, it might seem that there is nothing com- 
mon between biophysics and astrophysics. 

There are, however, two points of similarity. First, the evolution 
of both the Universe and the biosphere involves an irreversible and 
continuous generation of new information. New information appears 
as a result of the memorizing of an accidental choice. Second, the 
irreversible development in both cases does mean the presence of 
instabilities. A new stage in the evolution of a star, a planet, the 
biosphere, biogeocenosis, a biological species or population arises as 
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a:result of the instability of the preceding stage. This explains why 
the process of evolution is irreversible. 

Thus, theoretical approaches based on information theory and the 
consideration of the stability of dynamical systems are basically 
common to the physics of living and inanimate things. 


1.4. Biological Individuality 

An essential feature of living organisms is their unlimited variety 
At present about 3 xX 10° species of various living creatures are 
known to exist. The number of different individuals of multicellular 
plants or invertebrates cannot be estimated—it is exceedingly great. 
We cannot so far discern the individualities of the representatives 
of a particular strain of unicellular organisms, but, one may suppose, 
such specific features do exist. No two absolutely identical organisms 
exist on the earth. This is accounted for by the genetic variability, 
which is realized within very wide limits, and by the differences in 
interactions with the surroundings. The Darwinian evolution is 
tied up with variability, with the unlimited individualization of 
living organisms. Accordingly, scientific biology could not have 
existed without its descriptive branches—zoology and botany. 

The situation is different with inanimate matter. The number of 
various atoms, including isotopes, is several hundreds. Today, about 
402 elementary particles are known. The number of various atoms 
and simple molecules observed in the outer space is also of the order 
of 10? and one has not to deal with a larger number of elementary 
entities in investigations of the evolution of stars. The number of 
various compounds known to modern chemistry is of the order of 
10°, but in this case there are no limits at all. It is essential, however, 
that atoms and molecules of a particular substance are indistin- 
guishable from one another. 

Of course, in inanimate nature too there exists some kind of 
individualization at the macroscopic level. Real crystals of a given 
mineral differ from one another, since they have been grown under 
different conditions. There are no two absolutely identical stones 
rounded off by the sea tide. This variety, however, is of no prime 
importance to the development of inanimate things, which, though 
variable, display no heredity. 

What chemical, molecular foundations could there be for the 
unlimited variety of living systems? They are determined by the 
macromolecular structure of genes and organisms. Polymeric chains, 
macromolecules do not obey the basic law of chemistry—the law of 
constant composition. Let us imagine a copolymer built up of two 
species of monomeric units. If the number of units in a macromo- 
lecular chain is equal to 100 (this is far from being a long chain), then 
the number of various chains containing two types of monomeric 
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units will be equal to 2! ~ 10%. Thus, the macroscopic sample 
of such a copolymer may not contain two identical macromolecules. 

As a matter of fact, biological variability is determined in the 
long run by the variety of genes, i.e., sufficiently long portions of 
DNA macromolecules, which are copolymers made up of four types 
of repeating units. 

Like physics in general, biophysics is a quantitative science which 
makes wide use of the mathematical apparatus. Biology as such, 
primarily population genetics, has also to make recourse to mathe- 
matics. Serious difficulties are, however, encountered in a mathe- 
matical description of the individual features of organisms. Such a de- 
scription may be only numerical but not analytical. 


1.5. Finalism and Causality 

The biological evolution is determined by the predominant survi- 
val of populations that are best adapted to the environmental condi- 
tions. Accordingly, the structure of a living organism is characteri- 
zed by fitness and adaptation to acertain ecological niche. Therefo- 
re, in biology there naturally appears a finalistic interpretation of 
the phenomena studied. The growth of a zygote into an adult organism 
can be described, using the concept of design or purpose: the 
purpose of the development is the creation of an adapted organism. 
Even in the early stages of embryogenesis certain groups of cells are 
designed to grow into a certain organ, and this specifies their func- 
tionality at all levels, including the molecular level. 

An organism is similar to a machine built according to some design 
for the achievement of definite purposes. Moreover, it is a machine 
of a high level of complexity, capable of responding rationally to 
events that have not been planned in advance. An example is the 
fact that the organism of a higher animal manufactures antibodies in 
response to practically any antigenes, including artificial ones, which 
can never be encountered in nature. The finalistic description is 
directly based on the historical evolution of living organisms. This 
is not so in ordinary physics and chemistry. The meaninglessness of 
the following statement, for example, is obvious: “The sodium and 
chloride ions interact with each other in order to build a cubic crys- 
tal.” On the contrary, the statement “... since the Nat and Cl- ions 
have single charges and such-and-such radii, an ionic crystal of NaCl 
must be cubic” is meaningful. The biologists often ask “what for?” 
and the physicists ask “why?”. Evidently, it is the second question 
that has a true scientific meaning. Physics and natural sciences in 
general are causal—science is seeking the causes of phenomena. 

As a matter of fact, there is no contradiction between finalism 
and causality and the above difference between physics and biology 
is only superficial. Finalism arises in physics every time when we 
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deal with stability problems, with variational principles. We mean 
stability in a strict mathematical sense, according to Lyapounov 
(see Chapter 15). The stable state of a dynamical system is pre- 
sorved at small perturbations—after being deviated from this state 
the system returns to it. The finalistic formulation is as follows: the 
system tends to preserve its state. On the contrary, the unstable 
state is changed irreversibly at small perturbations—the system 
tends to pass over to another state. As an example, we may cite the 
‘stable and unstable states of equilibrium of a simple physical pen- 
dulum. 

The variational principle is always finalistic. For instance, accord- 
ing to Hamilton’s principle of least action, the variation of action 
is equal to zero, the action is at a minimum. “The purpose of a me- 
chanical system consists in its least action.” But, as shown by clas- 
sical mechanics, Hamilton’s principle is equivalent to the Lagrangian 
equations of motion, which in turn follow from Newton’s second law. 
This law is causal: it describes an accelerated motion as a result of 
the action of forces. Other examples of finalistically formulated laws 
of physics are: Fermat’s principle in optics, Le Chatelier’s principle 
in thermodynamics, Lenz’s law in electrodynamics. The variational 
inalism reduces to causality. The number of such examples is un- 
limited. 


1.6. The Properties of Open Systems 

As has already been said, living systems are basically open and 
are therefore nonequilibrium. One of the first to understand this was 
Bauer, a Soviet biologist, who wrote that “... the nonequilibrium 
state of living matter and, hence, its constantly maintained activity 
is due to ... the molecular structure of living matter, and the source 
of the work performed by living systems is in the long run the free 
energy inherent in this molecular structure, in this state of mole- 
cules.” The subsequent development of the thermodynamics of open 
systems as applied to biology is associated with the names of Berta- 
lanffy and, mainly, of Prigogine and his colleagues. 

A living organism is a thermodynamically open system whick 
undergoes chemical reactions. Biochemical reactions are catalytie 
at all stages and protein-enzymes serve as catalysts. The change in 
entropy of such a system is expressed by the sum of the entropy pro- 
duced inside the system, d;S, and the entropy supplied externally 
or given off to the surroundings, d,S: 


dS =d,S +d4,8 (1.45 


The quantity d,S is always positive according to the second law of 
thermodynamics—if the organism is placed in an insulating shell, 
the entropy flow d,S will be equal to zero and the entropy can only 
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increase. The quantity d;S defines the entropy production as a result 
of chemical reactions taking place inside the system. The sign of d,S 
depends on the concrete situation. Equation (1.1) shows the possi- 
bility of a steady nonequilibrium state of an open system. In the 
stationary state the thermodynamic quantities that characterize 
the system are constant but they have no equilibrium values. The 
entropy of the system is not at a maximum. For the stationary state 
we have: 


dS = 0, ie., dS = —d)S <0 (1.2) 


In other words, the entropy produced is given up completely to 
the surroundings. 

Let us consider an isolated system consisting of a living organism 
and its environment. The organism receives food, oxygen, water, 
and in turn gives off various substances to the surroundings. The 
organism and its surroundings exchange heat. An astronaut in 
a spaceship is practically under such conditions. The astronaut’s 
organism is an open system with respect to the spaceship, which is 
well insulated against the surrounding outer space. According to 
the second law of thermodynamics, the total entropy change of the 
entire system is given by 


dS = dS, +dS,>0 (1.3) 


where dS, and dS, are the entropy changes of the astronaut and the 
surroundings. We have then: 


dS; aa d;S; + d,Sy (1.4) 


The entropy change dS, occurs only as a result of the exchange of 
matter and energy between the astronaut and the environment; no 
entropy is practically produced in the environment that surrounds 
the astronaut. Hence, 


dS, = —d,S, and dS = d;S, >0 (1.5) 
If the state of the astronaut is stationary, then 
dS, = 0, d,S, = —d,S, <0, dS, = dS =d,;S,;>0 (1.6) 


Thus, the astronaut’s steady state is maintained by an increase in 
entropy in the surroundings determined by the entropy flow from the 
astronaut’s organism to the environment which compensates for the 
entropy production in the organism. In this lies the meaning of 
Schrédinger’s words: “the organism feeds on negative entropy”. The 
value of dS, is greater than zero because of the loss of heat by the 
astronaut and also because the entropy of the substances given off 
by the astronaut is higher than the entropy of the substances con- 
sumed by him. The stationary state of the astronaut will be maintained 
until the nutrients in the surroundings are exhausted or the irrevers- 


1.6. The Properties of Open Systems 21 


ible processes taking place in the astronaut’s organism lead to its 
change (ageing). The steady state may be long but not infinite. Its 
altainment is determined by the presence pf two time scales—a rapid 
scale for the time of the exchange of entropy with the environment 
und a relatively slow scale for the time of exhaustion of the reserves 
of nutrients and/or of the ageing of the organism. 

Let us consider one more example. Suppose we have two heat 
reservoirs, one at temperature 7, and the other at temperature 7; 
the two reservoirs are connected with each other by a thin heat con- 
ductor. A constant heat flow is set up in the conductor and the entire 
length of this conductor is in the stationary state. This state is main- 
tained until the temperatures 7, and 7, are changed to any notice- 
able extent; these temperatures are gradually equilibrated. The time of 
altainment of a stationary state is much shorter than the time of 
attainment of the final equilibrium at which 7, = T,. In calculating 
the steady-state conditions on the fast time scale the temperatures 7, 
and 7, are considered to be constant—they undergo change on the 
slow scale. 

_ The existence of the biosphere itself may be regarded as a steady- 
state process accomplished against the background of the enormous 
irreversible process of the Sun’s cooling. 

The stationary state of an open system may be close to or far from 
equilibrium, it may be stable or unstable. The nonstationary state 
in turn may be close to or far from the stationary state. As we shall 
see (see Chapter 9), the thermodynamics of open systems that are 
close to equilibrium, is different from the thermodynamics of far- 
from-equilibrium open systems. Here strict quantitative criteria of 
nearness or remoteness are introduced. A number of facts indicate 
that biological systems are far from equilibrium. Biological 
vvolution is possible only in a system that is far from equilib- 
rium. 

From what has been said above it does not follow, however, that 
the application of reversible (equilibrium) thermodynamics to any 
biological phenomena is impossible. Dynamical, irreversible life 
processes occur inside an organized structure, which changes slowly 
or remains practically unaltered. This holds for all levels of biolo- 
gical structure, beginning with the molecular level. Accordingly, 
in structural studies we may use the conditional thermodynamic 
wquilibrium. The origin of a biological structure itself may be roug- 
hly visualized as consisting of two stages—the biosynthesis of the 
constituent elements (macromolecules, cells) and the assembly of an 
organized structure from these elements. The process of assembly is 
to a considerable extent thermodynamically controlled, say, at the 
molecular level the system tends to a state of lowest chemical poten- 
tial. Reversible thermodynamics proves to be at the basis of mo- 
lecular biophysics. 
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At the same time it is obvious that in biology we encounter a com- 
plex set of thermodynamics and kinetic phenomena. The difference 
between thermodynamics and kinetics is illustrated by the progress 
of a chemical reaction. A chemical reaction is basically possible 
only if it is accompanied by a decrease in the free energy, AG < 0. 
It is a necessary but not a sufficient condition for the reaction to 
take place. If the initial and final states of the system are separated 
by a high potential barrier, the rate constant of the reaction, which 
depends exponentially on the height of the energy barrier FE, accord- 
ing to the Arrhenius law 


k = A exp (—E,/RT) (1.7) 


(where A is the pre-exponential factor, R is the gas constant, and T 
is the absolute temperature) may be vanishingly small. Therefore, 
we may regard the nonequilibrium state protected by a high barrier 
as an equilibrium state. An example is the oxyhydrogen gas, a mix- 
ture of H, and O,, which detonates upon activation of a chain reac- 
tion by the flame of a match and which is stable, i.e., in a quasiequi- 
librium state in the absence of activation. The role of the catalyst 
consists in lowering the activation barrier Ey. 

Irreversible (nonequilibrium) thermodynamics proves to be neces- 
sary for the treatment of dynamic processes, primarily the evolution 
phenomena. 

Directly associated with thermodynamics is the theory of informa- 
tion. A change in the amount of information about a particular sys- 
tem which is regarded as a message is proportional to the entropy 
change (see Chapter 9). The informational aspects of biophysics are of 
considerable interest. There is revealed the heuristic limitedness of 
the significance of the amount of information (and, hence, of the 
entropy) in treatments of developing biological systems. It becomes 
necessary to consider the reception of information and the creation 
of new information. Either of these is possible only under nonequilib- 
rium, nonsteady-state and instability conditions. It is not the 
amount of information that is important in biology but its quality, 
meaning or value (Chapter 17). 


1.7. Scope and Methods of Biophysics 

Living organisms are multi-level complex systems. Large and 
small molecules, cell organelles, cells, tissues, organs, organisms, 
populations, biocenosis, the biosphere are all levels that must be 
dealt with in biology and biophysics. 

Biophysics may be subdivided into three branches: molecular 
biophysics, biophysics of the cell, and biophysics of complex sys- 
tems. This division is not obligatory but it is convenient. Let us 
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characterize the contents and methods of the three branches of 
biophysics. 

Molecular biophysics is concerned with the study of the structure 
nnd physico-chemical properties of biologically functional mole- 
cules, primarily biopolymers—proteins and nucleic acids. The objecti- 
ve of molecular biophysics is to disclose the physical mechanisms 
responsible for the biological functionality of molecules, say, for 
the catalytic activity of protein-enzymes. Molecular biophysics is 
the most developed branch of biophysics. It is inseparable from 
molecular biology and chemistry. The great advances made in this 
area are understandable—it is easier to study molecules (even protein 
molecules, the most complex of those known to science) than cells 
or organisms. Molecular biophysics rests, on the one hand, on bio- 
chemical disciplines (biochemistry, molecular biology, bioorganic 
and bioinorganic chemistry) and, on the other, on the physics of 
small and large molecules. Accordingly, we shall first consider the 
chemical foundations of biophysics (Chapter 2) and macromolecular 
physics (Chapter 3), and only after this shall we turn to molecular 
biophysics as such (Chapter 4-8). 

- Since molecular biophysics is mainly concerned with the structure 
of molecules and their functionality, we may consider the equilibrium 
properties of molecules. The theoretical apparatus of molecular 
hiophysics consists of equilibrium (reversible) thermodynamics, 
statistical mechanics, and, of course, quantum mechanics, since 
what we are concerned with is chemistry, molecules. For an experi- 
mental study of biologically functional molecules (we shall call 
them simply biological molecules or biomolecules) use is made of 
a wide range of physical methods. These are, first of all, the methods 
employed in macromolecular physics for the determination of molec- 
ular masses, sizes, and shapes—sedimentation in the ultracentrifuge, 
scattering of light and X-rays by solutions of the substances to be 
studied, etc. The second group includes methods used for the investi- 
gation of molecular structure and based on the interaction of matter 
with light in the broad sense of these words, from X-rays to radio- 
frequency radiation. These are optical and spectroscopic techniques 
which include X-ray diffraction analysis, gamma-resonance spectros- 
copy (the Méssbauer effect), electronic and vibrational spectra, 
i.e., absorption and luminescence spectra in the ultraviolet and 
visible regions, infrared and Raman spectra. Here also belongs spect- 
ropolarimetry, i.e., the investigation of the natural and magnetic 
rotation of the plane of polarization of light and of circular dichro- 
ism. Very valuable information is furnished by nuclear magnetic 
resonance and electron paramagnetic resonance (NMR and EPR) 
spectra. In the case of EPR the application of paramagnetic spin 
labels is especially important. The third group includes calorimetric 
methods used for the study of the conversions of biological macro- 
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molecules. And, finally, the structure of proteins and nucleic acids 
(and also, of course, supermolecular structures, cell organelles and 
cells) is directly studied by means of electron microscopy. 

The application of a number of these methods in biology is specific. 
It is therefore necessary to dwell on these methods in a course of 
biophysics. Chapter 5 is devoted to a brief description of the theory 
of optical and spectroscopic methods and of the biophysical results 
obtained by means of these methods. 

Molecular biophysics naturally unites with the biophysics of the 
cell, which deals with the structure and functionality of cell and 
tissue systems. This branch of biophysics is the oldest and tradition- 
al one. Its main concern today is the study of the physics of biolog- 
ical membranes and bioenergetic processes. The biophysics of the 
cell includes the study of the generation and transmission of the 
nerve impulse, mechanochemical processes (in particular, muscular 
contraction), photobiological phenomena (photosynthesis, vision). 
The experimental techniques listed above are also used for these 
purposes. The biophysics of the cell deals with more complex prob- 
lems and is confronted with more serious difficulties than molecular 
biophysics. The cell biophysics is described in Chapters 10-14. 

The biophysics of complex systems is predominantly a theoretical 
branch of biophysics devoted to general physico-biological problems 
and physico-mathematical modelling of biological processes. The 
basic modern sections of the theoretical biophysics of complex sys- 
tems are as follows: 

1. The general theory of dissipative nonlinear dynamical systems— 
Se thermodynamics of irreversible processes and kinetic model- 
ing. 

2. The theory of excitable media, which includes the theory of 
biological oscillatory processes. 

3. The general theoretical treatment of bioenergetic phenomena. 

4. The general theory and modelling of the processes of biological 
development, including various approaches to these phenomena based 
on information theory. 

These areas of biophysics are dealt with in Chapters 9, 15, 16, 
and 17; we shall also encounter the same general ideas in chapters 
concerned with problems of the biophysics of the cell. 


Chapter 2 Chemical Foundations of 
Biophysics 


2.1. Chemistry and Biology 

The living cell and living organisms are complex chemical machines. 
They exist owing to the chemical transformations of substances 
that are supplied from the outside world and to the flow of the sub- 
stances into the surroundings due to metabolism. Biology and bio- 
physics are inseparably tied up with chemistry. 

No physical methods alone would have been able to establish 
the structure of complex molecules without chemical investiga- 
tions. Chemistry solves these problems by studying the structure of 
substances and their transformations in chemical reactions. 

The.chemistry of life, or organic chemistry, was originally remote 
from inorganic chemistry. It was believed to be a reliable support 
of vitalism until scientists came to learn how to synthesize organic 
substances from nonliving matter (the first experiment was the syn- 
thesis of urea, CO(NH,)., by Friedrich Wohler in 1828). Later, 
organic chemistry ceased to be the chemistry of living matter and 
became the synthetic chemistry of carbon compounds, the chemistry 
of hydrocarbons and their derivatives. An almost independent path 
was taken up by biochemistry, a science concerned with the structure 
and properties of biological molecules, with the progress of chemical 
reactions in living organisms. Biochemistry has made enormous 
advances in unravelling of complicated metabolic pathways. The 
union of biochemistry and physics gave rise to molecular biology, 
which deals with the physico-chemical, molecular interpretation of 
basic biological phenomena, primarily heredity. At the same time, 
organic chemistry again turned to living matter on the basis of the 
long experience of investigations of organic compounds. Thus arose 
bioorganic chemistry and later bioinorganic chemistry, whose concern 
is the study of biological molecules containing metal atoms. It is. 
impossible to draw a boundary line between the above-mentioned 
areas of investigations of the chemistry of life and there is no need 
for doing this. 

Let us note the main specific features of the chemistry of living 
matter—the chemistry of biomolecules. 
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1. A living system is necessarily chemically heterogeneous. It is 
pointless to speak of living molecules—biological molecules taken 
separately cannot live, i.e., they do not differ from any other inani- 
mate molecules. 

2. Living matter is characterized by the unity of chemical struc- 
ture. The enormous diversity of biological species and individuals 
does not imply the extreme variety of biological molecules and 
biochemical reactions. The main substances and chemical mechanisms 
are the same in all living things. All proteins are built up of 20 ami- 
no-acid residues, and all nucleic acids, of 4 nucleotides. The same 
atomic structures appear in all living organisms. The fundamental 
biochemical processes are also the same in all living organisms. The 
variety of organisms is due to the large variety of combinations of the 
same atomic groupings and their interactions. 

3. The structure and properties of living cells and organisms 
are dictated, in the final analysis, by the nucleic acids (DNA and 
RNA) which have a “legislative” power in the sense that they specify 
the genetic program of protein synthesis. In their turn, proteins 
function as “executives” for the simple reason that no single chemical 
reaction in the cell proceeds without the participation of a specific 
enzyme. 

4. Biochemical processes and biological molecules are the result 
of the evolutionary development. The biological evolution was pre- 
ceded by a chemical evolution (Chapter 17) and later these became 
tied up inseparably with each other. The species and organisms are 
characterized by the biochemical, molecular adaptation to environ- 
mental conditions. In studying the chemistry of living matter one 
must always consider the biological development. 

5. Life is characterized by a precise and subtle individualization. 
The minor differences in the structure of molecules, say, the differ- 
ences between the methyl and ethyl groups, which are of no substan- 
tial importance in ordinary chemistry, are very important in biology 
(ethyl alcohol, C,H;OH, causes intoxication, and methyl alcohol, 
CH,.OH, causes blindness). Biological molecules and macromole- 
cules have a strictly definite composition and structure. 

6. Chemical reactions that take place in living organisms are 
strictly controlled by forward and reverse pathways in multistage 
metabolic processes as well as by the spatial separation of reactions 
made possible due to compartmentation realized by cells and intra- 
oe membranes. Delicate concentration gradients are main- 
tained. 

7. Finally, biological molecules are built up of atoms of light 
elements: C, H, O, N, P, S. Besides, the functionality of the ions of 
alkali and alkaline-earth metals (Na, K, Ca, Mg) is universal in 
organisms. An important, though not universal, role is played by 
small amounts of other metals (Fe, Zn, etc., up to Mo inclusive). 
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The human body contains (in atomic percent) hydrogen (60.56), 
oxygen (25.67), carbon (10.68), nitrogen (2.44), calcium (0.23), 
phosphorus (0.13), sulphur (0.13), sodium (0.08), potassium (0.04), 
chlorine (0.03), magnesium (0.01), and much smaller amounts of 
Fe, Zn, Cu, Co, Se, F, and I. The excess amounts of H and O present 
are due to a large content of water. 

Further in this chapter we shall briefly characterize the most impor- 
tant biological molecules and biochemical processes. Our task is not 
to duplicate courses of biochemistry but rather to summarize basic 
information necessary for expounding a course of biophysics. 


2.2. Amino Acids 

All proteins are built up of 20 types of amino-acid residues; a num- 
ber of amino acids that are not contained in proteins participate in 
metabolism. Evidently, the amino acids originated on the earth at 
the first stage of chemical evolution about 4 x 10° years ago, as 
a result of chemical reactions in the primordial reducing atmosphere 
and in the ocean upon absorption of energy (see Chapter 17). The 
simplest amino acids are also encountered in meteorites. 

Proteins contain the residues of a-amino acids, which have the 
structure 


R NH, 
NZ 

Cc 
— 
H COOH 


where R is a radical [a hydrocarbon radical or a radical that contains, 
apart from C and H, other atoms too (0, S, N)]. As has been shown 
by a study of the electrical properties of amino acids (see Sec. 2.3), 
their structure is expressed more exactly by the formula of a dipolar 
ion (also called zwitterion): 


R N+tHy 
\ 7 

Cc 
FS 
H  COoo- 


The formation of a protein or polypeptide chain occurs by way of the 
polycondensation of amino acids: 


R, R, H O H 
| | -H,0 ‘| | 
H—C—N*tH;+ H—C—NtH; ——> Re ag ear 
| 
coo- coo- Ry H BR; 


Here peptide bonds, —NH—CO-—, are formed. 
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Table 2.4. The Common Amino Acids 


Abbreviation Abbreviation 


Name of amino acid (three-letter (one-letter R group 
symbol) symbol) 
I. Neutral Amino Acids 
1. Glycine Gly G —H 
2. Alanine Ala A — CH; 
3. Valine Val Vv — CH(CHsg). 
4. Leucine Leu L —CH,—CH(CHs), 
5. Isoleucine Ile I — CH(C,H,)CHg 
6. Phenylalanine Phe F — CH, — C,H, 
7. Proline* Pro P OA (Shah 
(ee 
CH 
oo 
8. Tryptophan Trp WwW —CH,—C—C i 
lt 
HC C CH 
DOr ae AA 
NH CH 
9. Serine Ser S —CH,OH 
10. Threonine Thr T — CH(OH)CH, 
14. Methionine Met M —CH,—CH,—S—CH, 
12. Asparagine Asn N —CH,—CO—NH, 
13. Glutamine Gln Q —CH,— CH, —CO— NH, 
14. Cysteine** Cys Cc —CH,SH 
I]. Acidic amino acids (in the form of anions) 
15. Aspartic acid Asp D —CH,—CO00o- 
16. Glutamic acid Glu E — CH, — CH, — COO- 
17. Tyrosine Tyr Y —CH,—C,H,—0- 
III. Basic amino acids (in the form of cations) 
18. Histidine His H —CH,—C=CH 
LoN 
H,Nt , 
\N 
CH 
19. Lysine Lys K — (CH,),— N*tHg, 


20. Arginine Arg R —(CH,); -NH—C—N+H, 
I 
NH 


* Proline is not an amino acid; it is an imino acid which contains an imino group, 
NH, instead of the amino group NHge. 

** As arule, two cysteine residues % are eee together in groteins by a disulphide 
linkage with loss of the hydrogen atom (— CHg —S—S— 2-—). The amino-acid 
residue formed is called cystine and is designated Cys-Cys OE P hives or CySSCy (the 
abbreviated one-letter symbo! is also C). 
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Table 2.4 gives a list of 20 amino-acids (-CO—CHR—NH-—.). 
The amino-acid residues listed in Table 2.1 are classified according 
to electrochemical properties. Among them are aliphatic amino 
acids (Ala, Val, Gly, Ile, Leu), hydroxyl-containing amino acids 
(Ser, Thr), amino acids containing an amino group (Asn, Gln), 
amino acids containing a carboxyl group (Asp, Glu), sulphur-con- 
taining amino acids (Cys, Met), and amino acids containing aromatic 
u-electronic rings (Tyr, Phe, Trp, His). These amino-acid units are 
responsible for all the variety of the properties and structure of 
proteins. 

Apart from the 20 common amino acids, proteins also contain the 
derivatives of certain groups. Important among these minor residues 
is hydroxyproline 


since it is found in a considerable amount in one of the universal 
animal proteins, collagen. 


2.3. Electrolytes 

Living organisms contain numerous ions—small organic and 
inorganic cations and anions, basic and acidic groups of amino-acid 
residues in proteins and of nucleotides in nucleic acids. The dissocia- 
tion of electrolytes into ions occurs due to the presence of a water 
environment. The theory of electrolytes is the concern of physical 
chemistry courses; here we shall confine ourselves to brief information 
needed for our subsequent discussion. 

According to Brénsted, an acid is a molecule that can give up 
a proton and a base is a molecule that can accept a proton. Water is 
an acid in the reaction H,O = H+ + OH- and a base in the reac- 
tion H,O + H+-=H,0* (the hydronium ion). 

Water is a very weak electrolyte and its dissociation constant K 
is low. At 25°C in water, 


[H*][OH-] = K[H,0] = 10-* mole?®/litre? (2.1) 


Since [H+] = [OH~-], the hydrogen-ion concentration in water is 
10-7 mole/litre. Instead of the hydrogen-ion concentration, it is 
more convenient to use its negative logarithm denoted by the symbol 
pH. For water, i.e., for a neutral medium, pH = 7. Accordingly, 
for acids pH <7 and for bases pH > 7. 

Biological electrolytes are usually weak, i.e., they dissociate 
slightly. Let us consider the dissociation of an acid, HA = H* + 
+ A-. The dissociation constant, i.e., the equilibrium constant K, 
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of this reaction is 


K = SH¢A (2.2) 

aA 
where dy = aq and dya are the activities of the corresponding 
substances in solution. In solutions approaching ideal solutions, the 
activities are practically equal to molar concentrations. Therefore, 


[H*]?= K[HA] (2.3) 
and, introducing the notation pK = — log K, we have 
pH=+ (pK — log [HA]) (2.4) 


The ionization constant of a weak acid in water is given by 


sng UT an OI Sac 5 
= THAT © Tay = V TH] Ge 
The degree of dissociation or the strength of an acid increases with 
rise of K, i.e., it falls off with increasing pK; the strength of a base 
declines with increase of K, i.e., increases with increasing pK. The 


condition [A-] = [H+] holds only for a neutral solution. Generally 
speaking, 


H=pK + log “4 2.6 

pH = pK + Tog 7 (2.6) 
or (in an ideal solution) 

a = 

pH=pkK + log a (2.7) 


The plus sign refers to the acid and the minus sign to the base, for 
which 

a [HA] 

= [A=] 1HAl 22) 


which corresponds to the reverse reaction A-~ + H*=HA, 
where A- is a base. 

In a nonideal solution, the activities differ from the concentra- 
tions. We have 


a 


= YA a 

PHS Phe te tae 

where ya and yya are the activity coefficients. 
The nonideality of an electrolyte solution is determined by the 
interaction of ions with each other and with solvent molecules. At 
a sufficiently high concentration of ions, each of them is surrounded 
by an ionic atmosphere—by ions of opposite charge (counterions). 
The Debye-Hiickel theory, which is based on classical statistical 
mechanics and electrostatics, allows one to determine the free energy 


(2.9) 
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of interionic interactions in solution. It deals with a system consist- 
ing of a central ion and an ionic atmosphere with a net charge oppo- 
site in sign to the central ion. The free energy of the interaction per 
unit volume of solution is given by 


Sa (2.10) 


where k is Boltzmann’ constant, T is the temperature, and ~ is the 
Debye-Hiickel parameter, which is related to the effective radius of 
the ion atmosphere and which has the dimensions of reciprocal length. 
It is sometimes referred to as the Debye-Hiickel reciprocal length. 
The ion-atmosphere radius x is expressed in terms of ionic charges e; 
and the number of ions in unit volume, 7;: 


= SEY ein, (2.14) 


The quantity e is the dielectric constant of the solvent; the summa- 
tion is carried out over all the ionic species i. The activity coeffi- 
cient y; of a given species of ions is found from the change in free 
energy upon removal of the ion from the solution: 


0G ex lel? ain 
Set oe = Re kT ny, (2.12) 


where |e | is the absolute value of the electronic charge and z, is 
the valence of the ion. We have 


4 ete = fe | 28 (2m)? app 
In Y= — > gp = eT (2.18) 
where J is called the ionic strength and is defined by 
4 
I= = py n;23 (2.14) 


The ionic strength J has the dimensions of reciprocal volume. The 
ionic strength characterizes the total number of ionic charges in 
unit volume, irrespective of their sign. The ionic strength and the 
quantities pH and pK are the most important characteristics of an 
ionic solution. 

Thus, the activity coefficients of ions of a given species depend on 
the concentration of ions of all the species present. 

The Debye-Hiickel theory is valid for strong electrolytes. The 
amino acids are weak electrolytes. However, at high ionic strengths 
the activity coefficients of the amino acids are different from unity. 
At low ionic strengths ya © yua ~& 1 and l[cf. Eq. (2.9)] 


pH ~ pK + log — (2.15) 
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The titration of a weak acid by a strong base, say NaOH, involves 
the reaction 


HA+Nat+OH- + A-+Nat+H,0 


Hence, [A-] ~ [Na*]. The degree of ionization @ is equal to the ratio 
of the concentrations of strong and weak electrolytes: 


[AT] mel (2.16) 


“= TA-]-FIHA] ~ [HA]_ 


The determination of a, pH, and, hence, of pK is carried out by 
way of the titration of an acid with a base and of a base with 
an acid. For crude determinations, use is made of chemical indicators; 
for precise determinations, potentiometric methods are employed 
which are based on the recording of the potential on the electrode 
immersed in the solution. The potential undergoes change upon 
titration. To determine pH a glass electrode is used. This electrode 
and a comparison electrode (usually the calomel electrode) are placed 
in a solution of known concentration of the substance under study. 
The potential difference is measured directly in pH units with suit- 
able calibration. 

The amino acids are amphoteric electrolytes characterized by two 
values of pK which correspond to the titration of acidic groups 
(COO-) with a base (pK,) and to the titration of basic groups (N*Hs) 
with an acid (pK,). Table 2.2 gives some values of pK,, pK,, and 
pK, (for amino acids with ionogenic radicals) and also of pH;. The 
values of pH; correspond to the isoelectric point. The amino acid 
moves to the cathode if it is charged positively and to the anode if 
charged negatively. At the isoelectric point the molecule of an ampho- 
teric electrolyte has a balance of positive and negative charges 
(i.e., it is neutral) and does not move in an electric field. For neutral 
amino acids we have 


pHi = (PK, + PK.) (2.17) 


The study of the electrochemical properties of amino acids proves 
their dipolar structure (see page 27). The heats of reactions of 
ionization of organic acids 


RCOOH = RCOO~-+ H+ 


are low, being of the order of 4 kJ/mole. For the dissociation of 
substituted ammonium ions 
RN H,=RNH,+H+ 


the reaction heats are high, of the order of 50 kJ/mole. The heats of 
ionization for amino acids range from 5.5 to 8.8 kJ/mole in aeid- 
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Table 2.2. The Electrochemical Constants of Amino Acids 


Amino acid pK, pKe _ pK3 pH; 
Glycine 2.35 9.78 6.1 
Alanine 2.34 9.87 6.4 
Valine 2.32 9.62 6.0 
Leucine 2.36 9.60 6.0 
Serine 2.24 9.15 5.7 
Proline 1.99 10.60 6.3 
Tryptophan 2.38 9.39 5.9 
Aspartic acid 2.09 3.87 (COO-) 9.82 (NH?) 3.0 
Glutamic acid 2.19 4.28 (COO-) 9.66 (NH?) 3.2 
Tyrosine 2.20 9.11 (NH$) 10.4 (O-) 5.7 
Cysteine 1.96 8.18 (NH 10.28 (S-) 5.1 
Arginine 2.02 9.04 (NH} 12.48 (guanidine) 10.8 
Lysine 2.18 8.95 (NH?) 10.53 (NH?) 9.7 
Histidine 1.77 6.10 (imidazole) 9.18 (NH}) 7.6 


ic solution and from 42 to 55 kJ/mole in basic solution. Hence, 
the following reactions take place: 


H,N*—CHR—CO00~-+ Ht = H,N* —CHR— COOH 
H;N*— CHR—COO--+ OH- == H,N — CHR — COO--+ H,0 


The dipolar-ion structure of amino acids is also evidenced by a 
strong increase of ¢ upon their dissolution in water, high densi- 
tics, and high melting points of solid amino acids, which is de- 
termined by a strong electrostatic interaction. 

While working with biological substances one should maintain 
the pH values constant. Stabilization of pH is achieved by means 
of buffer solutions. In the presence of neutral salts, the dissociation 
of weak acids and bases does not depend on dilution. Let us consi- 
der a solution of a weak acid HA and its sodium salt NaA. The equi- 
librium constant of the reaction 


HA = H*+A~ 
is equal to 
_ [H+[A7] 
K = omAy (2.18) 
and since [A-] = [H*] 
{H*]= V K[HA] (2.19) 


4--0279 


34 Chapter 2. Chemical Foundations of Biophysics 


In the presence of the salt NaA, which has been dissociated much 
more strongly -than.the acid, [A-] ~ [NaA]. Thus, 


+ 
c= (2.20) 
and 
tHe] =x 7a (2.24) 


The hydrogen-ion concentration, [H*], and, hence, pH depend on 
the ratio of the acid and salt concentrations but are independent 
of the extent of dilution. Thus, in a 0.4 N solution of acetic acid 
and a 0.1 N solution of sodium acetate in water the value of pH is 
4.628. With a ten-fold dilution of the solution pH = 4.670, with 
a hundred-fold dilution the value of pH is 4.73. When 1 cm? of 
0.01 N HCl is added to 14 litre of water, the pH value decreases from 
7 to 5. When the same amount of HCl is added to the solution indi- 
cated the pH value falls from 4.628 to 4.540. Apart from acetate 
buffers, use is also made of phosphate and other buffer solutions. 


2.4. The Composition and Primary Structure of Proteins 

The macromolecules of proteins are composed of one or more poly- 
peptide chains made up of amino-acid residues. One end of the chain 
bears a free amino group NH, (the so-called N-terminal end) and 
the other end carries a free carboxyl group COOH (the C-terminal 
end). The characteristic molecular masses of individual polypeptide 
chains in proteins are of the order of 20,000, which corresponds to 
150-180 amino-acid residues (the average molecular mass of an ami- 
no-acid residue is 120). Molecules that contain less than 100 residues 
are usually called polypeptides rather than proteins. Some hormones 
are such polypeptides. 

The peptide bond —CO—NH-—, which joins together amino acids 
in proteins, has a specific planar structure,as has been found 
by X-ray structure analysis (Pauling and Corey). All the four atoms 
in the peptide bond lie in one plane (Fig. 2.1). The N—C bond is 
shorter than the same bond in aliphatic amines R—NH,, where 
its length is equal to 0.147 nm. This shortened length of the N—C 
bond, as well as the planar arrangement of the bonds, is evidence of 
the conjugation of the N—C and C = O bonds and, hence, of the over- 
lap of their electron shells, this being accompanied by a shift of 
electron density from N toC. This can be shown by the contribution 
of the structure 


NH 
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that is, the N—C bond is partially double and the C=O bond is 
partially single. 

The amino-acid composition of a protein is now established by 
means of automatic devices. A protein is broken down into amino. 
acids by hydrolysis—the reverse of the polycondensation reaction: 


—CHR,—NH—CO—CHR,—-+H,0 -- —CHR,—NH,-+HOOC—CHR,— 


The hydrolysis occurs when the protein is acted on by bases, acids, 
and also by proteolytic enzymes (proteases) which catalyze the 


Fig. 2.1. The peptide bond. 


rupture of peptide bonds. The resulting hydrolysate, a solution 
of a mixture of amino acids, is analysed by chromatographic techni- 
ques. For example, proteolytic hydrolysis occurs during digestion— 
the food proteins are cleaved in the digestive tract into the consti- 
tuent amino acids, and then proteins demanded by the body are 
synthesized from these amino acids. 

The composition of proteins is not uniform—different amino acids 
occur in proteins with different frequencies. There are rare and fre- 
quent amino-acid residues, just as there are seldom and frequently 
encountered letters in a text. The most seldom encountered residues 
ure Trp, Met, and His, and the most frequently encountered ones 
ure Ala, Ser, and Gly. This is valid on the average—some specia- 
lized proteins have a specific composition, which is different from the 
average composition (for example, collagen, see Sec. 4.9). 

The amino-acid sequence in the polypeptide chain(s) of a protein 
is called the primary structure. The primary structure is determined 
through partial hydrolysis of a protein by means of proteases, which 
catalyze the cleavage of the peptide linkage only between definite 
umino-acid residues. For example, trypsin hydrolyzes only those 
peptide bonds which are formed by the CO groups of the basic amino 


he 
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acids arginine and lysine. This results in the formation of a mixture 
of peptides—short fragments of the protein chain. The identification 
of these fragments is made by means of chemical and physico-chem- 
ical methods (chromatography, mass spectroscopy). Using another 
enzyme, one can hydrolyze other bonds in the protein and obtain 
a mixture of other fragments (peptides). 

Knowing the structure of peptides produced by hydrolysis with 
different enzymes, it is possible to establish the primary structure 
of the protein, solving crossword-like puzzles. Today, primary 
structures are known for many hundreds of proteins. The primary 
structures of proteins are regularly published in the atlas of protein 
structures. Figures 2.2 and 2.3 show the primary structures of bovine 
ribonuclease and sperm whale myoglobin. In the first case there are 
four disulphide linkages, which join the cysteine residues together. 

The primary structure of a protein is a kind of text written by 
means of a twenty-letter alphabet. The sense and content of this 
text consists in the biological functioning of the protein which is 
determined, in the final analysis, by the primary structure. The pro- 
tein texts reflect the biological evolution—the comparison of homo- 
logous proteins, which perform the same function in different species, 
allows one to disclose the differences in the texts. These differences 
determined by the mutational amino-acid replacements are the great- 
er, the farther apart are the biological species. Especially thorough- 
ly studied in this respect is cytochrome c, the protein of the respira- 
tory chain which is universal to all living organisms. Comparison 
of the primary structures of cytochromes c of different kinds permits 
one to construct the evolution tree. 

The primary structure of a protein can also vary as a result of 
mutations. There appear “errors” in the protein text which have, as 
a rule, a negative effect on the functions of the protein. A number of 
hereditary blood diseases are associated with the mutations of 
hemoglobin. Sickle-cell anemia, a severe inherited disease, is caused 
by the substitution of valine for glutamic acid at the sixth position 
in the B-chains of hemoglobin. The man’s hemoglobin is made up 
of four chains—two identical a-chains, each of which contains 
141 amino-acid units, and two identical B-chains containing 146 ami- 
no acids each. Thus, the substitution of even two amino-acid resi- 
dues out of 574 units leads to very serious consequences. In this case, 
the nonpolar neutral amino-acid residues are replaced by acidic units. 
At present, over 100 human mutant hemoglobins are known to exist. 


2.5. | Nucleic Acids 

The second, most important class of biopolymers includes nucleic 
acids, the macromolecules that are responsible for the biosynthesis 
of proteins, for the assembly of their primary structures. 
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Fig. 2.2. The primary structure of bovine ribonuclease. 
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Fig. 2.3. The primary structure of sperm whale myoglobin. 
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The principal chain of a nucleic acid consists of alternating phos- 
phoric-acid units and a sugar, either the carbohydrate ribose in 
ribonucleic acid (abbreviated to RNA) or deoxyribose in deoxyribo- 
nucleic acid (DNA). Attached to each of the carbohydrate unit is 
one of the four nitrogenous bases. DNA and RNA are transcripts 
written in the language of the four-letter alphabet. The general 
scheme of the chain is as follows (P is phosphate): 


Base. Base Base 
| | | 
—Carbohydrate— P — Carbohydrate — P — Carbohydrate — 


The structural formulas of ribose and deoxyribose are: 


OH OH 
D-Ribose 
HO-CH, 6 - OH 
H H 
as ee Nie tf Pies : 


“ D:2-Deoxyribose 


The only difference is the absence of an oxygen atom in deoxyribose 
at the second carbon atom; The asterisks indicate asymmetric car- 
bon atomis (see Sec. 2.7). 

The nitrogenous bases are the derivatives of pyrimidine: and pu- 
rine—nitrogen-containing heterocyclic compounds: 


y 


CH C 
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Four different bases are commonly found in each type of nucleic 
acid. These are adenine (A), guanine (G), cytosine (C), and thy- 
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mine (T) in DNA, and adenine, guanine, cytosine, and uracil (U) in 
RNA. Uracil, thymine, and cytosine are the pyrimidine bases, and 
adenine and guanine are the purine bages. 
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Apart from these commonly occurring bases, other bases have also 
been detected in much smaller amounts in DNA and various types of 
RNA, such as 5-methylcytosine, 5-hydroxymethylcytosine, hypoxan- 
thine (guanine minus the NH, group, abbreviated as I), and xanthine 
{guanine with the NH, group being replaced by OH, denoted as X). 

The pyrimidines and purines possess basic properties—their nitro- 
gen atoms can accept protons, acquiring a positive charge. 

All the nitrogen bases mentioned display tawtomerism—they can 
exist in several forms, called tautomers, which arise as a result of 
the transfer of the hydrogen atoms of the hydroxyl group, OH, to 
the nitrogen atoms. The tautomers of uracil are as follows: 


OH re) OH 
| ll | 
mS ° 4 
Va 
i CH aN CH : ‘CH 
loo ft. = ll 
Cc CH Cc CH ¢ CH 
NZ @n £ @nNS 
HO N Oo NH O NH 


The dynamic equilibrium of tautomers, being dependent on tem- 
perature, is shifted to the keto form under ordinary conditions. 

Evidently, the nitrogen bases appeared at the early stages of pre- 
biological evolution, and the parent compound could have been 
hydrocyanic acid, HCN. The primary synthesis of adenine might 
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have occurred according to the following scheme: 


NH H,N C=N H,N C=N 
HCN CH Noi a 
+ + 
HCN ——> | ee | THEN \| —_——_ 
C=N C=N ye 
N\ 
H,N C=N 
H,N C=N 
2 Mee 
— ll pele Adenine (HCN), 
(oF 
aN 
N=C NH, 


The metabolic origin of the purines in living organisms is shown in 
the following scheme: 


co, Gly 


Asp 
C«<— Form. 


Fonn. N N 


Amide nitrogen 
Glu 


The abbreviation Form stands for formic acid, HCOOH. The prima- 
ry formation of ribose is associated with formaldehyde, H,CO. 

Combination of a base (either a purine or pyrimidine) with a sugar 
(ribose or deoxyribose) gives rise to a nucleoside—a ribonucleoside 
(a riboside) or deoxyribonucleoside (a deoxyriboside), respectively. 
Cytidine, thymidine, uridine, adenosine, and guanosine are all 
nucleosides. The manner in which a nitrogenous base is united with 
a sugar is shown in Fig. 2.4. The nucleosides phesphorylated at 
positions 3’ and 5’ of the sugar are, respectively, called 3’-nucleoside 
(or 5’-nucleoside) phosphates or nucleotides (see Fig. 2.4). 

The formation of a nucleic acid takes place by way of the poly- 
condensation of nucleoside triphosphates (CTP, etc.). When a nucle- 
otide is incorporated into the chain, a phosphate ester linkage is 
formed between the two nucleotides with the concomitant release 
of a molecule of diphosphate—pyrophosphoric acid: 


CTP+GTP + CMP—GMP-+H,P,0, 


(here TP is triphosphate, and MP is monophosphate). Figure 2.4 
shows the structure of the DNA chain. The RNA chain is built up 
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in a similar way, the only differences being that uracil (U) replaces 

thymine (T) and the OH group at C-2 of ribose is replaced by H. 
The nucleotide composition of DNA obeys Chargaff’s rules—the 

amount of adenine is always equal to tlte amount of thymine, and 
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Fig. 2.4. The DNA chain. 


the amount of guanine is always equal to the amount of cytosine: 


A+G _, 
Tic 


Thus, the total amount of the purine bases in DNA is always equal 
to the total amount of pyrimidine bases. At the same time, 


T+G 4 
A+C 
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that is, the amount of 6-NH, groups in the bases of DNA is always 
equal to the number of 6-C=O groups. The ratio 


G+Ci,_ GE i. cn 
AGT <7 


is, however, different from unity. It varies within wide limits in 
bacteria (from 0.45 to 2.8) and is approximately equal to 0.45 in 
higher animals and plants. The species specificity of the nucleotide 
composition of DNA has been studied in detail by Belozersky and 
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fig. 2.5. Adenosine mono-, di- and triphosphates. 


his school. The species specificity is expressed not only by the rela- 
tive content of G + C but also by the content of minor bases. 
Ribonucleic acid does not obey Chargaff’s rules. The ratio (G + 
+ C)/(A + U) varies within wide limits for any living organism. 
Deoxyribonucleic acid (DNA), the substance of the genes, is con- 
tained in chromosomes and cell mitochondria and also in bacterio- 
phages. The molecular weights of DNA amount to 10°, the largest 
of the molecules known. Ribonucleic acid (RNA) occurs in various 
forms, in the nucleus, in the cytoplasm of the cell, and also in viruses 
and phages. Four types of RNA are known to exist: high-molecu- 
lar-weight RNA, namely ribosomal RNA (rRNA) with molecular 
weights of the order of 10° and messenger RNA (mRNA) with mo- 
lecular weights ranging from 30,000 upwards. Since the average mo- 
lecular weight of a ribonucleotide is 224, the shortest chains of mRNA 
contain about 150 nucleotides. The third type of RNA, transfer RNA 
(tRNA), has a molecular weight of the order of 20,000 and contains 
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about 80 nucleotides. The fourth type is high-molecular-weight 
RNA associated with virus particles. 

There have been devised excellent biochemical methods for the 
determination of the primary structure, j.e., the sequence of nucle- 
otides in RNA and DNA. Especially thoroughly studied are the 
primary structures of various tRNA’s; at present, the “texts” of 
a number of genes, i.e., segments of DNA, are already known. More- 
over, some genes have been synthesized—the first synthesis was 
accomplished by Khorana in 1970. 


2.6. Adenylates. 

Monomeric phosphorylated nucleosides play a very important 
role in metabolism and bioenergetics, i in the regulation of life activ- 
ity at the molecular level. This is striking evidence of the chemical 
unity of all forms of life (page 26) and of the diverse uses of the 
same substances by cells.:A special place among nucleosides is 
uveunied by adenine. Figure 2.5 shows the structure of adenosine- 

»’-mono-, di-, and triphosphates (AMP, ADP, ATP). Adenosine 
triphosphate, a so-called “energy-rich” compound, is the principal 
source of chemical energy in the cell. This energy is released in the 
course of the hydrolytic cleavage of the y-phosphate in the reaction 

ATP—+ADP + P; (P; is orthophosphoric acid, H,PO,, inorganic 
phosphate). The energy of ATP is consumed for all cell functions: for 
protein biosynthesis, for the active transport of substances through 
inembranes, for the performance of mechanical and electrical work, 
etc. The free energy released by ATP upon elimination of the phos- 
phate is AG° = 30.7 kJ/mole. The free energy of the other nucleoside 
triphosphates, primarily GTP, is used less frequently. Of course, all 
reactions that utilize the energy of ATP, involve enzymes, ATPases, 
which are regulated by small ions in a number of cases. The energy 
released in exergonic reactions is stored by the conversion of ADP 
to ATP: ADP + P;— ATP; this reverse reaction takes place in 
the processes of glycolysis, in photosynthesis, and during respiration 
(oxidative phosphorylation). All these processes involve the oxidation 
und reduction of the important coenzymes NAD and NADP 
(nicotinamide adenine dinucleotide and NAD phosphate). The com- 
pounds NAD and NADP are adenylates—the derivatives of adenine. 
igure 2.6 shows the interconversions of NAD and NADH—the reac- 
tion NADH + H+ = 2H + NAD (the arrow indicates the hydroxyl 
yroup esterified by the phosphate to NADP and NADPH). 

The metabolism of many compounds requires their conversion to 
the activated derivatives of coenzyme A (CoA), the most important 
of which is acetyl coenzyme A (acetyl-CoA) shown in Fig. 2.7. 
Acetyl-CoA is a carrier of acetyl groups, just as ATP is a carrier 
of phosphate groups. Acetyl-CoA is structurally similar-to- ATP. 
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Like the terminal phosphate bonds in ATP and ADP, the thioester 
linkage —CH,—S—CO-— is a high-energy bond—it is an exergonic 
bond, i.e., a bond which when cleaved liberates a free energy. The 
magnitude of AG® for the hydrolysis of acetyl-CoA (the reaction 
acetyl-CoA + H,O— acetic acid + CoASH) is —31.5 kJ/mole. 

A particularly important regulatory role is played by another 
adenylate, cyclic adenosine monophosphate (cyclic AMP or c-AMP) 
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Fig. 2.6. Nicotineamide adenine dinucleotide (NAD). 
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Fig. 2.7. Acetyl coenzyme A (acetyl-CoA). Fig. 2.8. Cyclic adenosine 
monophosphate. 
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(Fig. 2.8). Cyclic AMP controls enzymatic reactions in cells, in 
which sugars and fats are stored. Cyclic AMP also regulates the 
transcription of genes (i.e., the biosynthesis of proteins) and serves 
as a regulator—a universal mediator during the action of a number 
of hormones, in particular, adrenaline (Fig. 2.8). Cyclic AMP is 
present in cells in amounts three orders smaller than ATP. It is 
formed from ATP and, in turn, is converted into an inactive noncyc- 
lic AMP. These small quantities of c-AMP are still larger by 
two or three orders than the amount of the ‘hormone and enhance 
more than 100-fold the external hormonal signal that acts on 
the cell. 


2.7. The Chirality of Biological Molecules 

The overwhelming majority of complex molecules containing more 
than three atoms have neither plane nor centre of symmetry. Such 
molecules are dissymmetric, or chiral. The word chiral (the Greek 
word cheir meaning “hand”, pronounced kiral; compare chiropractic, 
chiromancy) implies the property of “handedness”, i.e., the prop- 
erty of nonidentity of an object with its mirror image (the object 
and mirror-image relationship of a left and right hand). Chiral 
substances can exist in two forms—the left-handed and the right- 
handed form. These two configurations cannot be superimposed by 
rotations of the system as a whole in space: they are related to each 
other in the same way as a left hand is related to a right hand 
(Fig. 2.9). (This fact becomes obvious when one attempts to put 
a “left-handed” glove on a right hand or vice versa.) 

Chirality is often encountered in the world of molecules; it is 
determined by a so-called asymmetric carbon atom (by convention 
chiral carbons are often designated with an asterisk, see p. 38). 
In saturated (aliphatic) organic compounds, the four valence bonds 
of carbon are arranged at tetrahedral angles relative to one another. 
If two of the four bonds join identical groups, as, for example, in 
the molecule CX,YZ, the CYZ plane is then a plane of symmetry 
and the molecule is not chiral. A carbon atom is asymmetric (chiral) 
when it has four different groups attached to it (say, C*XYZV). 
Such a molecule has neither plane nor centre of symmetry. Thus, the 
property of chirality is characteristic of 19 common amino acids 
lall amino acids, except glycine (H;N+-CH,-COO-)]. Figure 2.10 
shows the right-handed (D) and the left-handed (L) configuration 
of alanine (mirror-image antipodes or enantiomers). 

When two symmetric molecules are synthesized in the laboratory, 
an 50 : 50 mixture of both enantiomers always results; such a mix- 
(ure of enantiomers is called a racemic mixture or racemate. This fol- 
lows from the second law of thermodynamics—a racemate corre- 
sponds to the maximum entropy of mixing. 
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A remarkable property of all forms of life is the fixation in organ- 
isms of all the most important biological molecules, beginning with 
the amino acids, in a single definite configuration. The amino-acid 
residues in proteins always have a left-handed, L-configuration 
(Fig. 2.10). 

The two enantiomers react identically with symmetric (achiral) 
molecules. They differ in their interaction with polarized light. 
Chiral compounds, unlike their racemic mixtures, rotate the plane of 
polarized light in opposite directions (by equal amounts) and absorb 
left- and right-circularly polarized light differently (see Chapter 6). 


“O00C COO- 
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Fig. 2.9. The right and left hands. Fig. 2.10. The right-handed and left- 
handed configurations of alanine. 


The biological L-amino acids are called so not because they rotate 
the plane of polarization to the left and the D-amino acids to the 
right. The L-amino acids may be either levorotatory or dextrorota- 
tory. The symbols D and L show a configurational relationship to 
some standard substance, usually levorotatory glyceraldehyde, 
OCH—C*H (OH) —CH,OH. All L-compounds can, in principle, 
be derived from L-glyceraldehyde by replacement of the respective 
atoms and groups attached to the asymmetric carbon atom (C*) 
without change of the overall configuration of the molecule. 

The property of handedness (chirality) is exhibited by proteins, 
carbohydrates, nucleic acids, and also by a number of low-molecu- 
lar-weight compounds in the cell. The carbohydrates in DNA and 
RNA are always present in the D-configuration. The nitrogenous 
bases have a planar structure and, consequently, display no chirality. 
During the metabolic processes, which involve no racemization, 
i.e., no interconversions of enantiomers, the cell assimilates only 
those compounds which correspond to the structure of its biological 
molecules. The organism assimilates L-amino acids but not D-amino 
acids. Having found its way into an environment, in which plants 
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and animals contain molecules with opposite configurations, an 
organism living on the earth will, perish because of starvation. The 
organism responds differently to two enantiomeric forms (D- and 
L-antipodes). There are substances which*’are poisonous in one form 
and harmless in the other (its mirror-image form). L-Aspartic acid 
is tasteless, but its antipode is sweet. As far back as 1857 Pasteur 
observed the preferential destruction by some microbes of one of 
the antipodes of a substance. 

The resolution of racemic mixtures with the separation of pure 
optical antipodes in vitro (the method known as asymmetric synthe- 
sis) is accomplished with the aid 
of chiral substances of biological 
origin (usually, alkaloids). Acom- 
pound L’ is made to react with ‘e 
a racemic mixture (D, L): Ap 
T>7°C 


(D, L)+-L' — DL’+-LL’ 


The resulting compounds 
DL’ and LL’ are no longer enan- 


T<7°C 


tiomers (mirror images): had the 
products been DL’ and LD’ they 
would have been enantiomers. 


Fig. 2.11. Two forms of the shell of 
the rhisopodium Neogloboquadrina 
pachyderma. 


So, the physico-chemical pro- 

perties of DL’ and LL’ are 

different and they can be separated, for example, ;by crystalliza- 
tion. 

To separate a racemic mixture into its two constituent enantio- 
mers, it is necessary to make use of an asymmetric substance or living 
organism capable of discriminating between the levorotatory and 
dextrorotatory forms. Mirror-image forms were discovered by Pasteur 
in 1848. He examined crystals of tartaric acid and found that they 
were of two different forms, one the nonsuperim posable mirror image of 
the other. Having separated the two types of crystals with the aid 
of a magnifying glass and a pair of tweezers, Pasteur obtained pure 
optical antipodes of tartaric acid. He played the role of an asymmet- 
ric factor—the man himself is “chiral” and knows the difference 
between right and left. Chirality exists in living things both at the: 
molecular level and at higher levels of organization. It is deter- 
mined, in the longrun, by the “chiral” control of enzymatic processes.. 
Figure 2.11 shows two forms of the shell of the rhizopodium Neoglobo-. 
quadrina pachyderma. Shells that are twisted in a clockwise direction. 
are formed at a temperature lower than 7°C, those twisted in an 
anticlockwise direction are formed at higher temperatures. 

Chirality in nature may be molecular or crystalline. In the first. 
case it is retained upon melting or dissolution of a substance (say, 
a sugar) in the second—it is characteristic of the crystalline state 
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alone. Quartz is built up of symmetric molecules SiO,, but it crys- 
tallizes in the levorotatory or dextrorotatory forms which possess 
opposite optical activities. When quartz melts, its optical activity 
disappears. In any deposit of quartz the number of dextrorotatory 
and levorotatory crystals is, on the average, identical. Accordingly, 
one can separate a pure optical antipode by crystallization by placing 
@ nonracemic dextrorotatory or levorotatory seed in a racemic 
mixture. 

The appearance and fixation of chirality in living systems are of 
great interest. Attempts to explain these facts by a low circular pola- 
rization of the light scattered by the earth’s atmosphere or by radio- 
active radiation (due to the nonpreservation of parity in nuclear 
processes) have failed. These phenomena should be treated in the 
light of the general theory of prebiological evolution, which treats 
the emergence of order out of disorder as the creation of information 
(Chapter 17). The choice of an antipode means the creation of infor- 
mation equal to 1 bit per monomer molecule. There is weighty 
ground for believing that chirality first appeared asa result of fluctua- 
tions. The fluctuational departure from the equilibrium racemic 
distribution may increase infinitely if the system is autocatalytic, 
i.e., self-reproducing. We illustrate this by a model calculation. 
Let xz, and x, be the numbers of molecules of a polymer (of the type 
of RNA) made up of D- and L-monomers, whose amounts are deno- 
ted asm, and m,. Polymers build up their replicas out of monomers— 
there takes place a template self-reproduction. Moreover, polymers 
are capable of degradation. The kinetic equations that describe the 
development of the system are as follows: 


Ly = axyw,— bx, (2.22) 


Ly = ALQZW, — bx, 


where a and 0 are the rate constants of polymerization and degrada- 
tion, and 
—!__ and wy = —2— (2.23) 


WwW, = 
2 m+ ms my+m, 


are the probabilities that templates 1 and 2 will encounter monomers 


m, and m,, respectively. In the steady state Ly = Lp = = 0, from 
which it follows that w, = w, = b/a and, hence, my = mg, i.e., Wy = 

= w, = 0.5, a = 2b and the system is racemic. The nontrivial 
development of the system is possible if m, 4 m, as a result of fluctu- 
ations. Let us assume that 


w»=05+a and we=—05—a (2.24) 
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where @ is a constant. Then, the solution of the system (2.22) has the 
following form: 


z, = 2, (0) exp [(a/2—b)éf exp (aat) 


(2.25) 
Z_ = x, (0) exp [(a/2—b)t] exp (—aat) 
With time the population z, becomes dominating: 
0 
j= 3 o exp (2aaf) (2.26) 


The subsequent biological evolution means further fixation of chira- 
lity, since chiral systems have advantages over racemic systems— 
they interact more specifically with the environment, discriminating 
between right and left. 


2.8. Carbohydrates and Lipids 

The third type of biopolymers is carbohydrates or polysaccharides 
huilt up of monosaccharide units, which have in a free state the gene- 
ral formula CgH,,0¢. Monosaccharides play a most important role in 
the metabolism of plants and animals, particularly glucose: 


CH,OH CH,OH 
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ach of the five carbon atoms in the ring is asymmetric. Cells also 
contain disaccharides, C,,H,,0,,. As an example, let us write the 
structural formula of sucrose (cane sugar and beet sugar): 
[oe 
CH,OH 


oe DAL wN 


—c CH,OH 
i OH bu H 


4 -0279 
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The most important polysaccharides are the following: starch (two 
forms—amylose and amylopectin) and cellulose in plants, chitin in 
arthropods, and glycogen in animals. Cellulose and chitin are impor- 
tant structural and defensive materials. Starch and glycogen are 
substances which serve as storage forms of carbohydrates and chem- 
ical energy. Figure 2.12 shows an amylose unit. In contrast to 
amylose, the chains of amylopectin are branched, just as those of 
glycogen. Polysaccharides are not informational texts, their struc- 
ture is monotonous. The size and degree of branching of these macro- 
molecules vary within wide limits. The molecular weight of amylose 
that occurs in potato starch is about 10* (200 glucose units), and 


CH,OH CH,OH 


OH 
=, OH 


OH OH 
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Fig. 2.12. The structure of amylose. 


amylopectin present in rice starch has a molecular weight of about 
5 X 10° and 80-90 branchings. The molecular weight of glycogen in 
muscle tissue is 10° and that of glycogen present in liver 5 x 108. 
The cotton cellulose has a molecular weight of the order of 5 x 10°. 

Polysaccharides play an important role in the outer membranes 
of some cells and are present in the cell walls of many species of 
bacteria. The polysaccharides contained in the membranes are found 
complexed with proteins and lipids. 

The most important role of fatty substances, lipids, consists in 
their invariable participation in the building and functioning of 
biological membranes. Animal fats and vegetable oils are the trigly- 
cerides of fatty acids, i.e., esters of glycerol (1,2,3-propanetriol), 
suchas, for example, the triglyceride of stearic acid, H,C (CH,),,COOH: 


CH,— 0 —CO— (CH,),CH; 
| 
CH—O—CO—(CH,),gCHs 

| 
CH,—O—CO—(CH,);.CH, 


We see that these compounds contain long “tails” of nonpolar hydro- 
carbon residues and strongly polar “heads” with —O—CO— groups. 
The functional lipids of cell membranes are more complex com- 
pounds, which contain carbohydrate, amino, and alkylamino groups. 
A number of important compounds belong to the class of phospholi- 
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pids. Figure 2.13 gives the structure of the phospholipid sphingomy- 
olin. Membrane lipids and phospholipids are built up, as a rule, of 
a strongly polar “head” and two long nonpolar hydrocarbon “tails”. 
The presence of unsaturated double C=C bonds in the “tails” is 
ossential for their functioning. Vegetable oils contain such bonds but 
animal fats do not. The functioning of lipids in membranes will 
he described in Chapter 10. 


Vig. 2.43. The structure of a lipid (sphingomyelin). 


2.9. Cofactors, Vitamins, and Hormones 

Metabolism on the whole as well as the special properties of bio- 
polymers in cells are regulated by specific small molecules that 
belong to several classes of organic compounds. The adenylates have 
already been described (see Sec. 2.5). 

The majority of enzymes function when complexed with low- 
molecular-weight cofactors, called coenzymes. Such an enzyme is 
known as the holoenzyme, and its protein moiety is called the apoen- 
zyme. There are various cofactors. To the aliphatic series belong the 
diphosphates of carbohydrates and their amino derivatives which 
take part in the transport of phosphate groups. Among aliphatic 
cofactors mention should be made of sulphur-containing lipoic acid 
and glutathione. 

The necessary participant of a number of oxidation-reduction 
processes is ascorbic acid or vitamin C: 


CH,0OH 
HOCH (@) 
fe NS 
Cc c=0O 
f/™~ f£ 
H C=C 


LN 
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Vitamins are necessary just because they serve as cofactors or 
are converted to them. Since cofactors function as catalysts, they 
are needed in small quantities in the organism. 

Unlike proteins and nucleic acids, not to mention polysaccharides, 
whose main chains do not contain conjugated x-bonds, the majority 
of the most important coenzymes are n-electronic conjugated systems 
containing aromatic rings or hetero rings. As we have already seen, 
the adenylates are such systems. The flavin coenzymes—flavin mono- 
nucleotide (FMN) and flavin adenine dinucleoside (FAD)—contain 
a conjugated three-ring heterocyclic compound—riboflavin (vita- 
min B,). These coenzymes are yellow-orange in colour since ribofla- 
vin absorbs light in the visible region of the spectrum. Adenine 
enters into the composition of coenzymes associated with cobalamin 
or vitamin B,,. Pyridoxal phosphate, a derivative of pyridine, is 
the coenzyme of transaminases, which catalyze the conversions of 
amino acids. The structural formula of pyridoxal phosphate is 


Thiamine phosphate too contains a m-electronic system: 


H 

Cc CH, CH; 
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Thiamine is vitamin B,. 

A long linear conjugated system of x-bonds is contained in B-carote- 
ne, a yellow pigment in carrots, which is a precursor of vitamin A. 
Its modification, retinal, plays a key role in the chemistry of vision 
(Chapter 14). 

Of prime importance for a number of life processes, starting with 
photosynthesis, are the x-electronic conjugated systems of porphyrin 
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compounds—derivatives of porphin: 
H H 


H 
c 6C 
S/N S\N Ne 
HC C C CH 
ae | / 
C—NH N=C 
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HC CH 
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C—N HN—C 
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The porphyrin ring is composed of four five-membered pyrrole hete- 
ro rings. Like other conjugated systems, the porphyrin ring is flat. 
Porphyrins easily form chelates with many metal ions,the metal 
heing coordinately linked to the four nitrogen atoms in the centre 
of the planar system. The cobamide enzymes mentioned above con- 
tain a porphyrin ring system with Co in the centre. Chlorophylls, 
which play an essential role in the process of photosynthesis, contain 
a porphyrin with the central Mg 

atom (see Sec. 14.1). The pros- 

thetic group heme, an iron por- 

phyrin complex, is present in pro- Cs oy CHs 

teins that participate in the CH3-CH~(CH,);CH-(CH.)-CH 

respiratory process—cytochromes HO—CH”’ CH, CH, 
(see Sec. 13.6), in myoglobin and | 

hemoglobin (see Sec. 6.7), in the 


legoglobin of nodule bacteria he | | fo i=CH, 
which participates in the fixation ya me 
of atmospheric nitrogen, and in \ ge Wa 
n number of oxidation-reduction wr ea 
(redox) enzymes. The blood of Ora NG | | 
the crustaceans contains porphy- HON\QANRA NG 
tins with the central Cu atom, ie a 
7 7 = 2 
and half of porphyrin, a dipyr -coc_ttt, eaae 


rolecomplex of V is present in the 
hlood of the tunicates (Ascidia). 

Figure 2.14 shows the structure Fig. 2.14. The heme (protoheme IX). 
of heme, the prosthetic group of 
myoglobin and hemoglobin. 

The role of metals, in particular the complex-forming transition 
metals, is very essential in biology. About one-third of all the en- 
zymes known to science contain metal ions as cofactors. As has been 
suid above, the photosynthesis involves Mg and also Fe (cyto- 
chromes, ferredoxin); the storage and transport of oxygen and 
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oxidation-reduction electron-transfer processes are also associated with 
heme. The ions of alkali and alkaline-earth metals take part in protein 
biosynthesis; Zn?* ions participate in the synthesis of nucleic acids 
(in polymerases) and in other enzymatic processes. The transmission 
of the nervous impulse is directly controlled by the transport of Kt 
and Na* ions through membranes; and the mechanochemical pro- 
cesses (say, muscular contraction) require the participation of Ca** 
and Mg*t. Nitrogenase, an enzyme responsible for the fixation of 
nitrogen, contains Mo atoms. The study of the substances mentioned 
above and anumber of other biological substances and also of biolo- 
gical processes relies on modern inorganic chemistry. The main 
objects studied in this field are complex compounds of metals. Bio- 
inorganic chemistry, which has been developed in the last several 
decades, provides much information for biology and biophysics. 

In complex, multicellular organisms, the role of “signalling” and 
regulatory substances is played by hormones. There are two major 
groups of hormones in animal organisms—proteins, polypeptides 
and their derivatives, and steroids. The first group includes thyro- 
globulin, the protein of the thyroid gland, which contains iodated 
thyroxin; insulin, which regulates the sugar content in the blood; 
oxytocin, which causes contraction of the uterus; vasopressin, which 
regulates the blood pressure, etc. The hormones are synthesized in 
the glands of internal secretion (the endocrine glands) and effect 
regulation at the organism level. Steroids are compounds that con- 
tain the carbon skeleton of cyclopentanophenanthrene. 
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The most important steroid hormones are the sex hormones: estrone, 
progesterone, testosterone, androsterone, and cortisone, a hormone 
of the adrenal cortex. Apart from these two classes, there are other 
low-molecular-weight hormones. For example, adrenalin (epineph- 
rine), a hormone of the adrenal medulla, which is involved in 
the function of the nervous system and causes such effects as an 
increase in blood pressure and an acceleration of the heart beat: 
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The hormonal activity is controlled by the chemical functionality 
of a few atomic groupings. The chemical differences between testo- 
sterone and cortisone are insignificant, but their physiological func- 
lions are quite different. The structure and properties of hormones 
demonstrate the biological importance* of individual molecular 
structures. 

An important role is played by the oligopeptides of the mammalian 
brain. These substances, which contain a small number of amino acids 
(for example, undecapeptide, H-Arg-Pro-Lys-Pro-Gln-Gln-Phe- 
Phe-Gly-Leu-Met-NH,, which acts like morphine), have various 
functions—to this class belong analgetics and sleep and memory 
stimulants. 

Substances of the polypeptide type include a number of neurotoxins 
present in the poisons of snakes, scorpions, etc. These substances 
block the synaptic transmission of the nervous impulse (see Sec. 11.5). 

In concluding this section, we give a table which shows the varie- 
ty of substances that function in the bacterial cell of Escherichia coli. 


Table 2.3, The Approximate Chemical Composition of the Cells of 
Escherichia coli 


Average Number of Number of 
Substance molecular molecules different 
weight in cell molecules 
1,0 18 10 x 101° 4 
Inorganic ions (Nat, K+, Mg?*, 
Ca2+, Cl-, PO}, COZ, etc.) 40 2.5 108 20 
Carbohydrates and their pre- 
cursors 150 2x 106 200 
Amino acids and their precur- 
sors 120 3x10? 400 
Nucleotides and their precur- 
sors 300 1.210? 200 
Lipids and their precursors 750 2.5X107 50 
Other small molecules 150 41.510? 200 
Proteins 4x 104 108 2-3 x 108 
DNA 2.5109 4 4 
RNA: 
rRNA 16S* 5 x 10® 3x 104 4 (?) 
rRNA 23S 108 3x 104 1 (?) 
tRNA 2.5404 4x 104 40 
mRNA 10° 103 108 


* § is the symbol for Svedberg units (see page 87). 


2.10. The Main Biochemical Processes 

All the compounds briefly described above take part in the life 
processes of various organisms, which have developed in the course 
of biological evolution. Biosynthesis, metabolism, and bioenergetics 
are accomplished by large and small biological molecules. 
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As has already been said, nucleic acids are responsible for protein 
biosynthesis. This is their sole “legislative” function. In their turn, 
the “executives”’—proteins—are the requisite participants in all 
biochemical processes and serve as catalysts, i-e., function as en- 
zymes. 

For biosynthesis and metabolism to be accomplished, the energy 
is stored in cells in a chemical form, primarily in the exergonic third 
and second phosphate bonds of ATP. Accordingly, the metabolic 
bioenergetic processes result in “charging the storage battery’—the 
synthesis of ATP from ADP and inorganic phosphate. This takes 
place in respiration and fermentation processes. The currently living 
organisms “remember” about the evolution that began about 3.5 x 
10° years ago. There is convincing evidence that life on the earth 
originated in the absence of free oxygen (see Sec. 17.2). The metabo- 
lic processes that occur in the presence of oxygen (primarily, the 
oxidative phosphorylation during respiration) are relatively few in 
number; evolutionally, such metabolic processes occurred at a later 
time than did anaerobic processes. No complete burnout (oxidation) 
of organic molecules of nutrient substances is possible in the absence 
of oxygen. Nevertheless, as shown by the properties of the currently 
existing anaerobic cells, the energy required for life-sustaining pro- 
cesses is produced in them too in the course of oxidation-reduction 
processes. In aerobic systems, the final acceptor (i.e., the oxidizing 
agent) of hydrogen is O,, and in anaerobic systems the role of the 
final hydrogen acceptor is played by other substances. Oxidation 
in the absence of O, proceeds by two ways of fermentation—glycoly- 
sis and alcoholic fermentation. Glycolysis involves the multistep 
breakdown of hexoses (say, glucose) down to two molecules of pyru- 
vic acid, each containing 3 carbon atoms. On their way 2 molecules 
of NAD are reduced to NADH and 2 molecules of ADP are phospho- 
rylated—there are produced 2 molecules of ATP. The reverse reaction 
NADH — NAD + H leads to the formation of lactic acid from 
pyruvic acid. Upon alcoholic fermentation the enzymes in yeast 
convert the pyruvic acid to ethyl alcohol and carbon dioxide. The 
overall reaction is as follows: 


CgH,,0.+4NAD+2ADP-+2P + 2H,C-CO-COOH+4NADH + 2ATP 
Pyruvic acid 
2H,C-CO-COOH+4NADH — 2H;C-CH(OH)-COOH+4NAD 
Lactic acid 
2H,C-CO-COOH+4NADH > 2C,H,OH+2CO,+4NAD 
The secondary step of the glycolytic and alcoholic fermentation is 


the so-called pentose-phosphate pathway (also known as the phos- 
phogluconate pathway or the hexose monophosphate shunt) which 
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involves the decomposition of water and also the evolution of car- 
hon dioxide. 

The presence in the environment of CO,, which is formed in the 
course of anaerobic oxidation, makes péssible photosynthesis. The 
hacterial photosynthesis and the photosynthesis of green plants be- 
gan about 3 x 10° years ago. Photosynthesis consists of the absorp- 
tion of light and the transformation of its energy to the chemical 
energy of biochemical molecules. For the photosynthesis to occur 
light-absorbing compounds were required, in particular those con- 
taining porphyrin rings—chlorophyll and cytochromes. As a result 
of the absorption of light quanta in chlorophyll, the electrons of 
the system move to higher energy levels. Then the electron-transport 
chain is operative, in which the principal participants are oxidation- 
reduction enzymes—cytochromes. The energy stored originally in 
chlorophyll is released in a biologically useful form—in ATP and 
NADP. There takes place photophosphorylation. 

Evidently, at a later stage of evolution carbon dioxide was re- 
duced photosynthetically to carbohydrates. The hydrogen for procary- 
oles is supplied by various molecules (bacterial photosynthesis) and 
for green plants by H,O. The oxygen is released into the surroundings. 
Its accumulation in the atmosphere is the result of photosynthesis. 
The overall reaction is 


6CO,+12H,O ->» CsH,,0.+6H,0+60, 


About 1.5-2 x 10° years ago the partial pressure of oxygen in the 
atmosphere was 0.02-0.20 percent of the present-day level. This led 
to aerobic metabolism, respiration. The cellular respiration involves 
iu number of interconnected processes leading to the synthesis 
of biological molecules required for life, and the “charging” of ATP 
(oxidative phosphorylation). The molecules of nutrients are “burned”, 
oxidized to CO, and H,O, the oxygen molecule serving’ as the 
final hydrogen acceptor. Roughly speaking, the liberation of chemical 
energy from food occurs in three steps. The first step is the breakdown 
of macromolecules and fatty substances. Proteins give rise to amino 
ncids, carbohydrates (starch and glycogen) produce hexoses, and 
fats form glycerol and fatty acids. At the second step these sub- 
stances give rise to acetyl-coenzyme A (page 44), a-ketoglutarate, and 
oxaloacetate. The third stage involves the Krebs cycle or the citric 
acid cycle. The Krebs cycle begins with the reaction between oxalo- 
acetic acid and acetyl-CoA and the oxaloacetic acid is then regenerat- 
vd during the second revolution of the cycle. Some of the reactions 
involved in the cycle, which perform a catalytic function, are ac- 
companied by the transfer of hydrogen atoms to NAD or flavopro- 
lwin. For every 2 electrons transported with NADH to O, there are 
synthesized 3 molecules of ATP (oxidative phosphorylation). This 
electron transport is accomplished in the respiratory chain. Upon 
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transition from the first to the second phase carbon dioxide is re- 
leased, and the transport of electrons from NADH to molecular oxy- 
gen is followed by the formation of water. The general scheme of 
aerobic respiration is 


CgH1,0¢-+ 6H,0+60,+36ADP + 36P > 6CO,+12H,0+36ATP 


Respiration is much more efficient than glycolysis. Upon glycolysis 
the free energy change per mole of glucose is 197 kJ, whereas upon 
respiration it is 2880 kJ. 

The complex processes of metabolism, accumulation, and consump- 
tion of energy are spatially localized in cells. Respiration occurs in 
mitochondrial membranes and photosynthesis takes place in the 
membranes of chloroplasts. Biochemical processes are evolutionally 
adapted. For instance, the main source of metabolic energy for ani- 
mals living in deserts and for birds is glycogen rather than fats. In 
deserts not only the maximum release of energy but also the maxi- 
mum formation of water must be provided: the oxidation of fats 
produces twice as much water as the oxidation of glycogen. That is 
why birds have a smaller mass of fat. The mass of glycogen and of 
the associated water is 8 times greater than the mass of the fat that 
liberates on oxidation the same amount of energy. 

A detailed consideration and schemes of all the metabolic path- 
ways are given in books on biochemistry. We shall return to respira- 
tion and photosynthesis in Chapter 13 which is devoted to bioener- 
getics and in Chapter 14 dealing with photobiological processes. 


2.41. Strong and Weak Interactions 

The interactions of atoms in biological molecules as well as in 
molecules of synthetic organic compounds are, first of all, chemical 
covalent bonds, which we shall call strong interactions. The energy 
required for the rupture of a C—C bond is equal to 348.6 kJ/mole, 
the C—N bond energy is 336 kJ/mole, etc. Strong interactions 
determine the chain structure of biopolymers, the binding of mono- 
mers—amino acid residues, nucleotides, hexoses. Strong bonds are 
formed by the outer electrons of atoms; the theory of covalent bonds 
can be based only on quantum mechanics. The corresponding branch 
of physics or theoretical chemistry is known as quantum chemistry. 

In the course of biochemical reactions catalyzed by enzymes there 
takes place a rearrangement of chemical bonds and of electron shells. 

Biological molecules would not be able to function and all known 
forms of life would not be able to exist at all without nonvalent, 
nonchemical, weak forces operating inside biological molecules and 
between them in addition to strong interactions. Cells and their 
organelles are heterogeneous systems, whose existence and function- 
ing are determined by the intermolecular interactions of nonva- 
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lent character. Proteins, which perform nearly:all molecular func- 
tions in cells, interact with lipids and carbohydrates, with nucleic 
acids, and with small molecules. These .interactions are predomi- 
nantly weak, since strong interactions would have built up too rigid 
and stable structures devoid of molecular mobility required for 
biological molecules to accomplish their diverse tasks, including 
the delicate control of chemical reactions, compartmentation, and 
the setting-up of concentration gradients. Let us describe the types 
of weak interactions operative in biological systems. 

1. Ionic bonds. The forces of ionic interactions described by Cou- 
lomb’s law. The energy of interaction between two ions with charges 
e, and e, is given by 

On = 2 (2.27) 


er 


where r is the distance between two ions; € is the dielectric constant 
of the medium. Like charges repel each other, Uj, >> 0, and unlike 
charges attract each other, U,,., <0. Ionic bonds are formed, in 
particular, between ionogenic groups in proteins (e.g., Glu- and 
Lys*), between such groups and small counterions, between phos- 
phate groups in nucleic acids and cations, etc. 

2. Ion-dipole interactions between ions and polar groups of mole- 
cules. They are determined by the ionic charge and the dipole mo- 
ment of the atomic group that interacts with it. 

3. Orientation forces. The electrostatic interactions between dipoles. 
The dipole moment p of a small molecule or atomic group is 
equal, in order of magnitude, to the product of the electronic charge 
(4.8 x 10-19 esu) by the length of chemical bond (about 10-® cm). 
The traditional unit for dipole moment is the debye (D); 1D = 10-8 
esu. Dipoles tend to line up in an antiparallel fashion or one after 
another. The energy of orientational interaction between two dipoles 
is inversely proportional to the cube of their separation: 


1 3 
Uor= se {Psp2— Pear) | (2.28) 


If two dipoles are lined up in a “tail-to-tail” fashion, i.e., all the 
three vectors, p,, Po, and r are collinear, then 


U gp = — PPPs (2.29) 


If the dipole molecules are in a state of thermal motion in a gas or 
in a liquid, then expression (2.28) should be averaged over all the 
mutual orientations of dipoles with account taken of the Boltzmann 
factor exp (—U/kT). At a sufficiently high temperature, when 
U < kT, the averaging gives 


2 22 
Ug = — a (2.30) 
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4. Inductive forces. The permanent dipole of a molecule or atomic 
group induces in another molecule or atomic group a dipole moment 
with which it interacts. The dipole moment induced by an electric 
field of strength # is given by 


p=akE (2.31) 


where a is the polarizability which characterizes the ability of the 
electron shell to be displaced under the influence of the electric 
field. The polarizability has the dimension of volume; the order of 
magnitude of the polarizability of atoms and small molecules is the 
same as that of their volumes, i.e., 10-**cm*. In our case, the strength 
of the electric field for a dipole in a molecule separated from it by a 
distance r is equal to E = 2p/r® (if p and r are parallel), and the 
energy of induced interaction is given by 


Uina = —+ ak2= — ee (2.32) 


Like U,,, the energy of induced interaction is inversely proportional 
to the sixth power of the distance and is independent of the tem- 
perature. 

Formulas (2.28) through (2.32) are valid only for point dipoles, 
i.e., on the condition that p < er, where e is the charge of the elec- 
tron. If this condition is not fulfilled, then it is necessary to make 
calculations of interactions of the point charges (monopoles). 

The interactions mentioned above are all electrostatic; the energy 
of attraction or repulsion is calculated on the basis of classical elec- 
trostatics. Quantum effects are practically insignificant. 

5. Dispersion forces (or London forces). The interactions of the 
valence-saturated electron shells of atoms and molecules. These 
are forces which are independent of the presence of charges, dipole 
moments, quadrupole moments, etc. Such are, for example, the 
forces operating between the molecules N,, O,, CO, and noble gases 
taken separately or in their mixtures (air). These forces determine 
the nonideal behaviour of dipoleless gases, their liquefaction. The 
dispersion forces are responsible for the existence of molecular crys- 
tals, in particular, crystals of hydrocarbons. The dispersion forces 
are quantum mechanical in origin; their existence cannot be ex- 
plained within the framework of classical physics. 

An elementary calculation of the energy of dispersion interaction 
is based on the representation of electrons as harmonic oscillators. 
Two identical oscillators undergo an instantaneous dipole-dipole 
interaction, as a result of which, instead of the original vibration 
with frequency wp , there arise two normal vibrations with frequencies 
that differ from w, the more strongly, the stronger is the interaction. 
Accordingly, the zero-point energy of vibration is also changed. In 
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the absence of an interaction of this kind it is equal to 


ho 
B= = F (2.33) 
where & is Planck’s constant. The presence of the factor 6 is account- 
ed for by the fact that each of the electron-oscillators is assumed to 
have three degrees of freedom. 
Upon interaction the zero-point energy of vibrations is 


€ = + hw, {2[ (1+ =)" +(1 = =) i+ 
+(14 38) 4(1- 8)" e290 


where e is the charge on the electron; f is the coefficient of elasticity 
of the oscillator, and r is the separation of the oscillators. If e?/fr? << 
<1, then 


8% Sli) — > hey or (2.35) 
and, hence, the interactica energy is given by 
3 A 

Vara = 89-85 = — 7 hy ae (2.36) 

Let us place an electron-oscillator in an electric field Z. The force 


that acts on the electron, eZ, is balanced by an elastic force fr. 
Hence, the induced dipole moment is equal to 


p=er=— E=aE (2.37) 
where a is the polarizability of the oscillator. It is defined as 
2 2 
a=—= an (2.38) 


where m is the mass of the oscillator. Substituting a into expression 
(2.36), we obtain: 


Uas= —+ ho, 4 (2.39) 


The energy of dispersion interaction is also inversely proportional 
to the sixth power of the separation between the interacting systems. 
The presence of the factor # in expression (2.39) is an indication of 
the quantum-mechanical nature of dispersion forces, which were 
first discovered by Fritz London (1930). 

The dispersion forces are of universal value for the intra- and 
intermolecular interactions between atomic groups and molecules 
with saturated valence bonds. 

Forces 3, 4, and 5 are usually termed van der Waals forces, since 
overall they determine the intermolecular attraction which is re- 
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sponsible for the correction for the pressure in the van der Waals 
equation. The correction for the volume is determined by the inter- 
molecular repulsion at small distances, this repulsion being also of 
quantum-mechanical nature. 

The order of magnitude of the energy of van der Waals interactions 
corresponds to the heat of vaporization of a liquid. It is of the order 
of 10 kJ/mole. 

6. Hydrogen bonds. The specific donor-acceptor interactions that 
are induced by the hydrogen atom in groups O—H, N—H, F—H 
and Cl—H, and sometimes in S—H groups. The hydrogen atom 
binds these groups with valence-saturated oxygen, nitrogen, and 
fluorine atoms, say, in water: 


7 


Hydrogen bonds determine the structure and properties of water; 
they play an important role in the formation of the structure of 
biopolymers and in their interactions with small molecules. The 
hydrogen bond energies are of the order of 4-29 kJ/mole. They will 
be discussed in greater detail in Sec. 4.3. 

7. Hydrophobic interactions. Biopolymers—proteins and nucleic 
acids—function mainly in aqueous medium. The hydrophobic forces 
are the forces of specific repulsion between nonpolar atomic groups 
and water molecules. They constitute the entropy effect determi- 
ned by the special features of the structure of water as a condensed 
system. Hydrophobic interactions play an important role in the 
formation of the structure of proteins, supermolecular systems (mem- 
branes), etc. 

Hydrophobic interactions will be considered in more detail in 
Sec. 4.5. 

Weak interactions are responsible for molecular flexibility, i.e., 
the conformational properties of biopolymers and small molecules 
(see Chapter 3). They determine molecular recognition realized in 
enzyme catalysis (Chapter 6), in biosynthesis (Chapter 8), and ina 
number of biological processes that take place at the molecular level. 


Chapter 3 Physics of Macromolecules 


3.1. Macromolecules and Rubber Elasticity 

Biological macromolecules—proteins and nucleic acids—are very 
complicated. Their properties in living systems are governed by 
the totality of structural features, in particular, by the fact that 
they are informational macromolecules and serve as “texts”. It is 
important to establish how the behaviour of biopolymers is asso- 
ciated with the very fact of their chain structure, irrespective of the 
particular atomic groups that enter into the composition of the 
macromolecule. Simple noninformational chains of synthetic poly- 
mers serve as models for the investigation of this problem. 

As has already been said, the physics of macromolecules is one of 
the foundations of molecular biophysics. 

Polymers are synthesized by chemical methods or are produced 
from plants (caoutchouc or natural rubber, cellulose) mainly because 
of their valuable physical properties. In engineering, polymers are 
used as plastics, insulators, fibres, and rubberlike materials—vatu- 
ral and synthetic rubbers. 

The simplest synthetic polymer is polyethylene 


CH, CH, CH, 
NK Se ON LF OS 
CH, CH, CH, 
which is produced by the polymerization of ethylene, H,C=CH,: 
this process involves the rupture of double bonds. 
The analogue of natural rubber, synthetic cis-polyisoprene, 


—H,C—CH, CH, —CH, oh 
~ / 
Jo = CK ie 
H,C H 4H,C H 


is prepared by the polymerization of isoprene, H,C=C(CH;)— 
—CH=CH,. A number of polymers, say nylon and similar poly- 
mers, are produced by the process of polycondensation. which takes 
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place through the elimination of some low-molecular compound. As 
we have seen, the polypeptide chain is produced by the polyconden- 
sation of amino acids, which proceeds with the elimination of water, 
and a polynucleotide chain is obtained by the polycondensation of 
nucleoside triphosphates with the elimination of pyrophosphate. 

A specific property of polymers which is the most important to 
biophysics is rubber elasticity defined as the ability of a block rub- 
berlike polymer to undergo large elastic deformations (amounting 
to hundreds of percent) at a low elastic modulus. Like other elastic 
bodies, natural rubber obeys Hooke’s law on small deformations— 
the stress is proportional to the strain: 


es = (3.4) 


where o is the stress; L and Ly are the lengths of the stretched and 
undeformed samples; ¢ is the modulus of elasticity. For steel e ~ 
= 200,000 MPa, and for rubbers ¢ ~ 0.2-8 MPa (depending on the 
degree of vulcanization of rubber). In this sense natural rubber re- 
sembles an ideal gas. An ideal gas obeys the Clapeyron equation: 


pV = RT (3.2) 


Let us compress the gas contained in a cylinder with a piston at 
constant temperature, increasing the pressure by an amount dp. The 
eae will decrease by an amount dV. From Eq. (3.2) it follows 
that 
dV LIy—L 

dp= —p—- =p—~— (3.3) 
where L, and LF are the initial and final positions of the piston, re- 
spectively. Equation (3.3) is analogous to Kq. (3.1), the only differ- 
ence being that the role of the elastic modulus ¢ is played by the 
pressure p. The atmospheric pressure corresponds to e = 100 kPa, 
this being of the same order of magnitude as the elastic modulus of 
natural rubber. The ideal gas is heated on adiabatic compression. 
In an analogous way, rubber becomes heated on adiabatic extension. 
This means that in either case the entropy decreases on deformation. 
The work involved in the extension of rubber by a length dZ by ap- 
plying a force f is given by the expression 


fal = dF = dE —Tds (3.4) 
where F is the free energy; E is the internal energy; S is the entro- 


py. Rubber is practically incompressible. The elastic force on iso- 
thermal extension of rubber is equal to 


t= ($e (Sr)e-7? (Gr)s G5) 
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I’xperiment shows that for rubber the force f is proportional to 7: 
the straight line representing the dependence f (7) passes near the 
coordinate origin. In other words, 


E és 
Just as the internal energy of the ideal gas is independent of the 
volume 
OE 
ar =o (3.7) 


so the internal energy of rubber does not depend on the length. The 
elastic force is determined in either case by the change in entropy 
rather than in internal energy. For rubber 


ii —1 (=) (3.8) 


In this lies the fundamental difference between the rubber elastic- 
ity of a polymer and the elasticity of a solid body (say, a steel 
spring), the latter being determined by the change in internal 
energy. 

But why does natural rubber resemble the ideal gas? The entropy 
nature of the elasticity of an ideal gas implies that when the volume 
of the gas decreases, the number of impacts of molecules against 
the walls increases—the elastic force is determined by the thermal 
motion of molecules. The compression of the gas reduces its entropy, 
since the gas passes from a more probable rarefied state to a less 
probable compressed state. Therefore, the modulus of elasticity of 
an ideal gas is proportional to absolute temperature: 


T 


R 
p=7T 


The fact that the modulus of elasticity of natural rubber is propor- 
tional to absolute temperature, which follows from Eq. (3.8), is 
also an indication of the entropy nature of rubber elasticity, indi- 
cating that natural rubber is composed of a large number of inde- 
pendent elements subject to thermal motion. The transition from 
the more probable arrangement of these elements to the less probable 
arrangement occurs on extension of rubber. The analogy between 
the properties of rubber and those of an ideal gas may consist only 
in what has been said. But what are these elements? What plays 
the role of gaseous molecules in natural rubber? 

The difference between macromolecules and small molecules con- 
sists primarily in that macromolecules are built up of a large number 
of identical links united into a linear chain. As a rule, macromole- 
cules contain single o-bonds, such as C—C, C—N, C—O. There are 
possible rotations of atomic groups about these bonds. The rotations 
5—0279 
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about single bonds give rise to various conformations of the chain. A 
macromolecule possesses a conformational lability, various degrees 
of flexibility. The role of independently moving elements is played 
by chain segments, which perform independent rotations. As we 
shall see, the conformational properties of biological molecules are 
very important. A study of these properties must be started with 
natural rubber. Following this path, we shall, in the final analysis, 
come to the understanding of the nature of enzymic activity. 
Landau said that the objective of physics is to establish new rela- 
tionships between seemingly unrelated, remote phenomena. We 
have already established what relates natural rubber to an ideal 
gas. Further on we shall see what relates an enzyme to natural 


rubber. 


3.2. Internal Rotation and Rotational Isomerism 

Classical organic chemistry considered the rotations of atomic 
groups about single bonds to be free. Any conformations, say, of 
ethane, H,C—CH,, that arise as a result of internal rotations have 
the same energy; no energy is required for the angle of rotation to be 
changed. Some of the conformations of ethane are shown in Fig. 3.1. 

Studies of the thermodynamic properties of ethane and other 
compounds with single bonds and also structural investigations car- 
ried out by spectroscopical methods, NMR, etc., have, however, 
demonstrated that internal rotation is not free in nearly all cases. 
The ethane molecule has a lowest energy in the staggered or trans- 
conformation (Fig. 3.4a) and a highest energy in the fully eclipsed 
conformation (cis-conformation). For the C—C bond to be rotated 
by 120°, i.e., for the transition of one trans-conformation to an iden- 
tical one, an energy barrier equal to 12,200 J/mole must be overcome. 
For ethane and also for other molecules with an axis of symmetry 
of C,, the dependence of the potential energy of the molecule, U, 
on the angle of rotation @ can be expressed approximately by the 
formula 


=+4U, (1 —cos 39) (3.9) 


where U, is the height of the potential barrier (Fig. 3.2). The value 
of U, increases when the hydrogen atoms in ethane are replaced by 
more bulky atoms and groups and decreases when the axis of rota- 
tion is elongated (cf. H,C—CH,, H,C—SiH,, H,Si—SiH;). Some 
experimental values of U, are listed in Table 3.1. 

The potential energy of internal rotation is determined by the 
weak interactions of nonbonded atoms and groups (in ethane, this 
is the interaction of the hydrogen atoms of one CH, group with those 
of the other CH, group). A rigorous quantum-mechanical calculation 
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Table 3.1. The Heights of Potential Barriers to Internal Rotation 


Tv a U, - 
Molecule KI yiole Kea ole merecute KJ /Miole keal/mole 

H,C—CH, 12.2 2.9 H,C—OH 4.6 4.4 
H,C— CHCH, 14.3 3.4 HyC—OCH, 11.30 2.7 
H;C—CH(CH;), 16.4 3.9  H,C—SH 550043 
H3C— C(CH,)s 18.5 4.4 H,C—CH=CH, 8.4 2.0 
H;C —CH,F 13.9 3.3  H,C*SiH, 7A 1.7 
H,C — CH,Cl 15.5 3.7 H,Si— SiH, 4.2 1.0 
H,C—CH,Br 15.4 3.6  H,C—C=C—CH, 0 0 


of U, is a formidable task, since U, is much smaller than the total 
energy of chemical bonds in the molecule and is defined as the minor 
difference between two large quantities—the total energies of the 
molecule in the cis- and trans-conformations. An energy barrier ap- 
pears because of the repulsion of nonbonded atoms and of the inter- 
action of bonds adjacent to the axis of rotation (the bond orientation 


0 120° 240° 360° 


Fig. 3.1. The C—H bonds ofethanein Fig. 3.2. The potential energy of 
(a) trans- and (b) cis-conformations. internal rotation in ethane versus the 
The projection onto the plane perpen- angle of rotation. 

dicular to the C—C bond. 


effects). These two factors make the trans-conformation more stable 
(the principle of staggered bonds). The interatomic repulsion can be 
estimated if we know the characteristic dependences of the energy 
of intermolecular interaction on the distance between molecules. 
for model substances (see page 68). It is more difficult to evaluate 
the bond orientation effect. A crude estimate can be obtained if we 
assume that in ethane, because of the small van der Waals radius of 
the hydrogen atom, the function U (q) is entirely determined by the 
orientational effect and that the same effect is operative in ethane 
he 


68 Chapter 3. Macromolecular Physics 


derivatives. Then we ede for the derivatives of ethane: 


U (9) = Vethane (4 — cos 39) uP » U (rij) (3.10) 


i,j 


The quantity U (r;;) represents the energy of van der Waals inter- 
actions between nonbonded atoms i and j separated by a distance 
r,;. It is clear that r;; depends on q. 

If the bonds are nonpolar, then U (r;;) is composed of the energy 
of dispersion forces (page 60) and the energy of repulsion. 

If the interaction involves polar molecules or groups possessing 
dipole moments, then, along with dispersion forces, there operate 
electrostatic forces—orientational and inductive forces (page 59). 

All the three types of forces depend on the distance in the same 
manner—the corresponding energies are inversely proportional to 
r®. The energies of van der Waals 
repulsion depend on the distance 
even more strongly, since the 
repulsion is substantially strong- 
er at small distances. It may 
be assumed in an approximate 
way that the repulsive energy is 
inversely proportional to r'*. The 
total energy of van der Waals 


U 


0 
: interactions of atoms, molecules, 
B? or groups may be represented by 
“4A the following formula: 


U(ry=4--3 (B.4t) 


r8 
Fig. 3.3. The potential energy of van ae 
der Waals interaction versus the inter- This is the Lennard-Jones (12-6)- 


molecular distance. potential. Figure 3.3 shows the 

shape of the corresponding curve. 

The interaction energy is at a 
minimum and is equal to —B?/4A at a separation of ry = (2A/B)'/®. 
The potential (3.11) is empirical. Other potentials have also been 
proposed: in particular, the repulsion may be represented by the 
exponential function A exp (—ar). This introduces another empiri- 
cal parameter, namely a. 

Table 3.2 presents the Lennard-Jones potential parameters for 
selected pairs of atoms. 

The calculations of the energy of internal rotation are based on 
the assumption that intramolecular nonbonded interactions are of 
the same nature as intermolecular interactions. For example, Kitai- 
gorodsky worked out, for these purposes, a method of atom-atom po- 
tentials, which had been developed by him earlier for the calcula- 
tion of the energies of molecular crystals. The empirical parameters 
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Table 3.2. Lennard-Jones (12-6)-Potential Parameters 


Atoms Bx106, kJ/(mole-nm§6) AX1012, kJ/(mole-nm12) To, nm 
e 

HH 197.4 18.9 0.24 
CC 1554.0 1201.2 0.34 
NN 1524.6 676.2 0.31 
00 1541.4 609.0 0.30 
(ore) 1541.4 861.0 0.32 
CN 1537.2 907 .2 0.32 
CH 537.6 159.6 0.29 
NO 1533.0 642.6 0.31 
Ho 520.8 105.0 0.27 
NH 525.0 . 113.4 0.28 


used are the equilibrium distances between nonbonded atoms, ro. 
Besides, it is taken into account that in molecules the potentials 
have no spherical symmetry; for example, the equilibrium radius of 
a monovalent atom depends on the angle formed by this radius and 


0 120° 240 60° 
Fig. 3.4. The potential energy of 7 U- \[* ey a ed 
internal rotation in n-butane as a 
function of the angle of rotation. é 1 


the valence bond. Thus, a further parameter is introduced. We shall 
return to the calculations of the conformations of molecules in the 
next chapter. 

If a molecule, unlike ethane, has no axial symmetry, the U (@) 
curve can no longer be described by a formula of the type (3.9). 
For example, for the molecule of n-butane 


H,C H 
\ 7 
H—C—C—H 
/ \ 

H CH, 


the curve representing the dependence of the internal energy on the 
angle of rotation @ about the central C—C bond has the shape 
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shown in Fig. 3.4. There are three energy minima: the first is the 
lowest (at 0° and 360°) and corresponds to the trans-conformation 
(the staggered conformation) and the other two are of the same value 
and correspond to conformations produced by rotation from the 
trans-conformation of one C,H; group relative to the other by 120° 
and —120°. These conformations are called gauche or skew confor- 
mations. 

Evidently, molecules that are characterized by several nonequiva- 
lent energy minima, U (q), exist precisely in these states, chang- 
ing from one conformation to another at a rate determined by the 
barrier height that separates these minima. The equilibrium num- 
bers of n-butane molecules in the trans (N ;) and two gauche (rotated 
to the right and left by 120°) conformations (Na and N;) are readily 
calculated with the aid of the Boltzmann distribution law: 

ro yr 1 r __ yr exp(—AE/RT) 
Nr=N 12 exp(—AE/RT) ’ Na=N,=N 1+2 exp(—AE/RT) 
(3.12) 


where AE is the difference between the energy minima (Fig. 3.4). 
Obviously, N; + Na+ N,=N is the total number of molecules. 
The substance is a dynamic mixture of conformations, which are 
variously called rotational isomers, rotamers, or conformers. The com- 
position of a thermodynamically equilibrium mixture is determined 
by the energy difference between the rotamers, AF, and by tempe- 
rature. At ZT —oo the number of molecules VN; = Ng=N,= 
= N/3; when T drops to the melting point the substance crystallizes 
in the form of the most stable rotamer and formulas (3.12) are no 
longer applicable. 

At potential barrier heights of the order of 10 kJ/mole the time 
of rotational isomerization, i.e., the time required for one rotamer 
to be converted to another, is of the order of 10-!° s. This estimate 
is obtained through calculations based on the theory of absolute 
reaction rates (see Sec. 6.1). Hence, rotamers cannot be separated. 
Their presence and fraction are found by studying the physical and 
chemical properties of a mixture of rotamers. The spatial structure of 
rotamers is varied; accordingly, their vibrational spectra are also 
different. Hundreds and thousands of vibrations (with frequencies 
of the order of 101? to 101° s-1) occur during the lifetime of the rota- 
mer—the rotamer has enough time to display its spectrum. As a 
matter of fact, the existence of rotational isomerism was first estab- 
lished by Kohlrausch with the aid of Raman spectra. The ratio of the 
spectral line intensities, which correspond to different rotamers, de- 
pends on their content in the mixture in accordance with formulas 
(3.12). Hence, AE can be determined from the temperature course 
of the spectral line intensities. It has been found, for example, that 
for n-butane AE ~ 2.5 kJ/mole. 
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The information on rotational isomerism can also be obtained with 
the aid of radiofrequency spectroscopy, NMR, electron diffraction 
studies, measurements of dipole moments, etc. A theoretical calcu- 
lation of the values of AZ is naturally carried out by the same methods 
that are employed for the calculation of potential energy barriers 
(page 101). If the energy of the system depends on several angles 
{in the case of n-butane, on the angles 


¢(—HsC+CH,—) and 9,=%,(Hs;C3-CH.—)I, 


the multidimensional energy surface U (q, ¢,, (2, ---) is calculated 
rather than a curve of the type shown in Fig. 3.4. This energy 
surface is a kind of a contour map. Such potential energy surfaces 
will be described in discussing the conformations of proteins. 

It should be stressed that there is a fundamental difference be- 
tween the conformations and configurations of molecules. The change 
from one conformation to another occurs as a-result of internal rota- 
tions about single bonds. The configuration is not changed in this 
case. On the contrary, for the configuration to be changed, it is 
necessary that the covalent bonds be broken and new ones be formed. 
An example of different configurations is provided by the optical an- 
tipodes of chiral molecules (Fig. 2.10, page 46). 

The study of rotational isomerism and isomerization, i.e., con- 
formations and conformational changes, has become very important 
in organic and bioorganic chemistry. The main features of the phys- 
ical behaviour of synthetic and biological macromolecules are 
associated with their conformational properties. 


3.3. The Rotational-Isomeric Theory of Macromolecules 

The polyethylene chain (page 63), which consists of single C—C 
bonds, undergoes internal rotations in each link of the chain. It is 
precisely the internal rotation, i.e., conformational changes, that 
determines the chain flexibility, which is responsible for the rubber 
elasticity of polymers. 

Let us construct a maximally simplified model of the macromole- 
cule in the form of freely-jointed rods of the same length b (Fig. 3.5). 
Kach rod rotates freely relative to the adjacent ones. Thereby, a set 
of conformations that arise from rotations around a given atom of 
the freely-jointed chain is continuous in the range of angles from 0 
to 4 and the energy is not changed on rotations. The chain can be 
characterized by the vector # drawn from the first atom in the chain 
to the last one (Fig. 3.5). It is evident that the value of the vector 
& averaged over all the conformations is equal to zero: 


h=0 
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since on thermal motion all its directions are equally probable. 
One must find out in this case the distribution of the probabilities 
of realization of the various numerical values of h = | k | which can 
vary from zero to the maximum length of the extended chain, 
Zb (Z is the number of links and b is the length of the link). The so- 
lution of this problem is analogous to the solution of the problem 
in the theory of Brownian motion, namely the finding of the proba- 
bility of a particle being displaced to a distance h as a result of Z 


Fig. 3.6. The chain with fixed valence 
Fig. 3.5. The freely jointed chain, angles. 


steps, each of which has a length b and an arbitrary direction. The 
distribution of the probabilities is found to be Gaussian—the prob- 
ability that the distance between the chain ends lies in the inter- 
val between h and h + dh is equal to 


3 \3/2 ; 3h? 
ar) 4nh®exp ( —7>-) dh (3.13) 


W (h) dh =( 


If we fix one end of the chain at point 0 and put the other end in 
a volume element at a distance # from 0, then the number of chain 
configurations will be proportional to the volume element and to 
the probability density w (h) in this element. So we have 


wty= (air) en (-Br) ty 


The mean-square end-to-end distance of the chain is equal to 
hi? x j h2w (h) dh = Zb2 (3.15) 
0 
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that is, the chain is strongly coiled. Formula (3.15) is valid at 


“4 > 1 when the upper limit of Zb can be replaced by infinity. 

Thus, the thermal motion twists the macromolecule into a coil. 
The probability of such a state is much higher than that of the 
stretched state, since the extended chain conformation can be realized 
in a single way, while the coiled conformation can arise in a large 
variety of ways. The coil conformation of macromolecules in solu-- 
tion has been proved by direct experiments (Sec. 3.6). 

The entropy nature of the high-elasticity of natural rubber fol- 
lows directly from what has been said above. In the unextended 
state the chains are twisted into coils, to which there corresponds the 
maximum entropy. When the coil is extended, the entropy decreases. 
The entropy of the chain being stretched is given, according to 
ig. (3.14) by the following formula (k is Boltzmann’s constant): 


S=kInw(h)=C— 3 (3.46). 


and, in accordance with Eq. (3.8), the elastic force that arises on 
extension of the chain is equal to 
3kT 


t= —2( 3), = ar (3.47) 


Ilooke’s law is valid, the modulus of elasticity being proportional 
to absolute temperature. What we have described above is the kine- 
tic theory of rubber elasticity proposed by Kuhn. 

In real macromolecules, the valence angles between the bonds 
ure fixed and rotations are not free. Let us specify the positions of 
two neighbouring links of the polyethylene chain (Fig. 3.6). The 
third link may occupy various positions on the surface of a cone 
with an aperture of 20 (x — 9 is the valence angle between the C—C. 
honds which is close to the tetrahedral angle, 109° 28’). To these 
different positions, which are characterized by the angle of rotation 
about the second C—C bond, there correspond different values of 
the potential energy U (¢). The position of the fourth link relative 
to the first two is less definite, since it lies on the cone described 
nround each of the positions of the third link, etc. A sufficiently 
remote link occupies a practically arbitrary position relative to the 
first link. Therefore, a long chain twists into a coil. The macromol- 
ecule can be split mentally into segments, whose positions are no- 
longer correlated. Formulas (3.13) through (3.17) are still valid, 
hut Z and b represent the number and length of freely-jointed seg- 
ments rather than of real links. 

It is possible, however, to construct a molecular theory of the- 
chain, expressing its length through the number of real links, NV, 
the length of the link J and the angle 8. The vector hk is the sum of. 
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the vectors of the links: 


N 
b= D1, (3.18) 
Hence, 
_ NN_ N N i-t 
2—- > DUG=X #42) DULY (3.19) 
i=1 j=1 i=1 i=2 j=1 


In a real chain the mean values of the scalar products (1;1;) depend 
on the angles 8 and qg. For a chain with symmetrical side groups, 
a chain of the polyethylene type, a strict calculation gives the Oka 
formula (at N > 1): 


To 1+cos8 1+yn 


where n is the mean cosine of the angle of internal rotation g and is 
defined by 


an 


\ cos p exp(—U (@)/kT) dp 
2 __________ (3.21) 
J exp (—U(q)/kT) dg 
) 


N= COS P= 


The quantity h? as calculated from Eq. (3.20) is greater than the 
value obtained for the freely-jointed chain (N/*), since the correla- 
tion determined by the absence of free rotation and the valence 


angles extends the chain. The quantity 2? is a measure of the ther- 


modynamic fleribility—the lower the value of h? at given N and l, 
the greater is the extent to which the chain is twisted and the greater 
is its flexibility. The calculation of h? reduces to the calculation of n, 
which requires a knowledge of the potential energy U (q@). This dif- 
ficulty can, however, be avoided. 

The theory of the sizes, shapes, and electrical and optical prop- 
erties of macromolecules in solution must be based on the physi- 
cal mechanism of their flexibility. This mechanism is disclosed 
with the aid of the rotational-isomeric theory (Volkenshtein, 1951- 
1958). 

As we have seen earlier, small molecules devoid of axial sym- 
metry form, as a result of rotations about single bonds, various 
rotational isomers (rotamers or conformers). Figure 3.7 shows the 
rotamers of n-butane (cf. Fig. 3.4); Fig. 3.8 presents the similar 
rotamers of polyethylene which are produced by rotation about 
any C—C bond in the chain. The only difference is that polyeth- 
ylene contains CH, groups instead of CH, groups; the CH, groups 
are joined to the chain, which has a continuation (shown by a wavy 
dine). From this it follows that the macromolecule may be regarded 
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as an equilibrium mixture of rotational isomers, and the internal 
rotation in chain as rotational isomerization, i.e., transitions from one 
conformation to another. This means that, instead of the continuous 
curve of U (q), it is sufficient to consider the states of the chain 
that correspond to rotamers with discrete, fixed values of g. The 
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Fig. 3.7. The rotamers of n-butane. 
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Fig. 3.8. The rotamers of polyethylene. 


integration in Eq. (3.21) is replaced by summation over the rota- 
mers. Thus, for polyethylene, which has three rotamers, 7, 2, and 3 
(Fig. 3.8), we have 


y= £98 1: exp (— £,/kT)+- cos g.-:exp (— E,/kT)+cos g,-exp (— E3/kT) 
L exp (— £,/kT)-+ exp (— E,/kT)+ exp (— E,/kT) 
(3.22) 
For polyethylene E, — E, = E; — E, = AE, q, = 0°, @. = 120°, 
and @3 = —120° (cf. Fig. 3.4): 


_ _4—exp(—AE/kT) 
= 772 exp(—AE/KT) (3.23) 


At AE = 2500 J/mole (page 70) and T = 273 K, the value of n 
is equal to 0.37. Using the Oka formula (3.20) with cos 0 = 
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= cos (x — 109° 28’) = —1/3 we find that h? = 1.1 Nl?. The ther- 
modynamic chain flexibility is the higher, the lower the value of 
y, i.e., the lower the difference AF. 

Of course, in actual fact there occur fluctuations—torsional vibra- 
tions about the values of @ that correspond to rotational isomers. 
These may, however, be ignored, since these vibrations, being acci- 
dental, cancel each other on the average and do not affect the aver- 
aged properties of the chains. 

The rotational-isomeric theory has been well substantiated for 
those cases where the minima of the energy U (q@) are separated by 
barriers which by far exceed kT. If the barriers are low, the rota- 
tional-isomeric theory is still applicable as an approximate mathe- 
matical method, in which integration is replaced by summation. 

The actual existence of rotamers in macromolecules has been 
established by a number of methods, primarily by the method of 
infrared spectroscopy in studying the thermomechanical properties 
and the extension of polymers. The rotational-isomeric theory 
forms the basis for the statistical physics of macromolecules. It makes 
possible the calculation not only of the sizes of macromolecular 
coils but also of their dipole moments and polarizabilities which 
are responsible for the electrical and optical properties. 

The calculation of molecular flexibility is based on the chemical 
structure of macromolecules. So far we have spoken of polyethylene 
only. Many other macromolecules, however, contain in their links 
bulky side groups, say, polystyrene (—CH,—CHR—),, where R 
is CgH;. In such cases the conformations are predominantly deter- 
mined by the interactions between side groups. Information on 
chain conformations can be obtained by X-ray structural analysis 
provided that the polymer is capable of crystallization. Upon crystal- 
lization distinct rotamers become fixed for all chain links and a 
long-range order appears: knowing the positions of atoms in a given 
monomer unit, we can identify their positions in any other link, 
however remote they are, since the arrangement of atoms is strictly 
periodic. At the same time, there is also a short-range order in a 
crystal, of course; this isa certain definite arrangement of neighbour- 
ing links. The crystalline short-range order is retained on melting 
and dissolution of a polymer since the crystalline structure of the 
polymer corresponds to the minimum of the potential energy. It may 
be assumed that the one-dimensional short-range order in a free 
macromolecule, which forms a random coil, is analogous to a one- 
dimensional long-range order in a crystal. This idea has been veri- 
fied in calculations of conformations and in the results of experimen- 
tal investigations. 

Rotations in neighbouring links are not independent of one an- 
other; there is a correlation which lengthens the chain. In polyethy]- 
ene, the conformations of neighbouring links (0°, 0°) are stable, i.e., 
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trans-trans (tt); (0°, 120°) and (0°, —120°) (ts); (120°, 0°), (—120°, 0°) 
(s/); (120°, 120°) and (—120°, —120°) (ss). The conformations (120°, 

120°) and (—120°, 120°), i.e., (sts-) and (s-s*t), are energetically 
unfavourable. The mean-square length of the chain calculated with 
nccount taken of the correlation is fouad to be equal to 1.6N/? 
rather than to 1.1N/2?. 

For an unsymmetric chain (~CH,—CHR-—), the rotations in 
clockwise and counterclockwise directions are not equivalent and 
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Fig. 3.9. A one-dimensional model illustrating the extension of the chain. 


formula (3.20) does not hold. The expression for h2 contains sin @ 


in addition to cos g. In a symmetrical case sin g = 0. 

The rotational-isomeric theory offers a quantitative interpretation 
of the physical properties of macromolecules in solution which 
is in good agreement with experiment. It discloses the physical mech- 
nnism of the extension of natural rubber which consists in rotation- 
al isomerization, conformational transitions. This can be illustrat- 
ed by a one-dimensional model of the macromolecule. Let us denote 
a link by an arrow of length Z, which is directed to the right cr left. 
One rotamer (designated as ¢) is represented by two adjacent arrows 
pointing in one direction, and the other (s) by two arrows pointing 
in opposite directions. The total length of the chain is expressed by 
the vector sum of all the lengths of the arrows. Figure 3.9a shows a 
chain consisting of 10 links, five of which are directed to the right 
und five to the left; hence the total chain length is h = 0. The chain 
contains five t-rotamers and five s-rotamers (so that the number of 
rotamers is equal to the number of links, i.e., 10; there is also added 
an additional, “zeroth”, link directed to the right—it is marked by a 
(lotted line). We stretch the chain by applying a force which turns 
the arrows to the right. Figure 3.9b shows one of the extended states 
of the chain having a length of h = (7—3) 1 = 41. The number of 
rotamers remains the same, five ¢-rotamers and five s-rotamers. The 
chain is elongated up to 4/ as a result of the redistribution of the 
rotamers, their relative content remaining unchanged. The transi- 
tion ttsststsst — tttsstssts has taken place, which is not accompanied 
hy a change in energy. The chain cannot, however, be fully extended 
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by way of the redistribution of the rotamers without changing their 
number. The fully extended chain (Fig. 3.9c) consists of 10 t-rota- 
mers. In this case, the conversion involves a change in both entropy 
and energy: 10F; ~ 5E; + 5£,. In fact, the mutual independence of 
the internal energy of rubber and its extension [formula (3.6)] is 
not fulfilled quite strictly. Along with the entropy contribution, 
there is observed a certain energy contribution to rubberlike elas- 
ticity, since the energy difference between the rotamers, AF, is non- 
zero. Therefore (O£/0h) 7 =~ O. This is confirmed by experiment. The 
investigations of the thermomechanical properties of rubbers have 
not only verified the presence of a slight energy elasticity but also 
made it possible to find experimental values of AE, which are in 
good accord with theoretical values (Flory). A direct study of the 
extens‘on of polymers by means of infrared spectroscopy has shown 
that the relative content of rotamers is really changed on extension. 

If the flexibility of the macromolecule is low (i.e., if the values 
of AF are high), there can be realized the mechanism of winding of 
the chain into a coil different from the rotational-isomeric scheme. 
Instead of the rotamerization, there occur torsional vibrations about 
a single value of g. A very loose coil is produced. The double helices 
of DNA belong to the category of such rigid macromolecules. A 
stiff chain in which torsional vibrations take place may be regarded 
as an elastic rod (see Sec. 3.5). 

So far we have discussed the thermodynamic equilibrium flexibil- 
ity of macromolecules determined by the quantity AE. The kinetic 
flexibility, which characterizes the behaviour of the macromolecule 
in time, i.e., the rate of a conformational change, depends mainly 
not on AE but on the heights of the potential energy barriers that 
separate different conformations. Both the thermodynamic and kinet- 
ic flexibilities vary within wide limits. Macromolecules built up of 
conjugated m-bonds or of conjugated aromatic rings are rigid—they 
are devoid of conformational mobility. In distinction from macro- 
molecules with o-bonds (polyethylene, natural rubber), the con- 
jugated chains are a kind of n-electronic semiconductors. Associat- 
ed with this is the absorption of light in the long-wave region— 
such polymers are practically black in colour. The flexibility and 
semiconducting properties of macromolecules are incompatible 
(see page 153). 


3.4. The Macromolecule as a Cooperative System 

As has already been said and shown in Fig. 3.9, the state (confor- 
mation) of a given link of a macromolecule depends on the states 
(conformations) of the adjacent links. A system in which the states 
of the elements depend on one another is called cooperative. The 
concept of cooperativity was first introduced by Fowler in studying 
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phase transitions. These very important phenomena cannot be under- 
«tood without reference to interactions between the elements of the 
avstem. For example, the gas-liquid transition is a cooperative tran- 
“i!tion. The equation that relates the gaseous and liquid states is the 
van der Waals equation of state: ° 


(p+ +r)V—b)=RT (3.24) 


where a, b, and & are constants. 

Let us compress a gas at a temperature below the critical temper- 
uture. A decrease in the volume V enhances the mutual attraction 
of molecules (2/V?) which in turn causes a decrease in volume, etc. 
The cooperation of a large number of particles leads to a sharp transi- 
tion, which proceeds according to the “all-or-none” principle. 

Statistical mechanics has at its disposal methods for the calcula- 
lion of the properties of cooperative systems: calculations of the 
Jurtition function which is used to find all thermodynamic character- 
Istics of the system. If the interrelation of conformations in a one- 
limensional cooperative system, in a macromolecule, is taken into 
necount, the expression for the potential energy will contain terms 
that are dependent on conformations, at least on the conformations 
of two neighbouring links: 


N 
U (Q4, Qe, ..., Qy) = x, U (Qi-45 Q;) (3.25) 


where Q; is the conformation of the ith link represented by the cor- 
tusponding angles of rotation. 

Below we give a calculation based on the Ising one-dimensional 
model and carried out with the aid of the matrix method proposed by 
Kramers and Vannier. 

The conformational partition function for a macromolecule in the- 
absence of external forces has the form 


U (Qy, Qs, ..., 2 
£2953 2 exp ( — TE By Ey) (3.26). 
Q1 Qe 
The summation is carried out over r rotamers of each link. If expres- 
sion (3.25) is valid, then 
Z= 2 > 5 “gi I g (Q;_ 4» Q;) (3.27) 
Qy Qs, 


where 


U Qj. % Q; 
8 (23-4, 23) = exp ( — 2 Sy | (3.28) 
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Considering that the chain consists of recurring identical units, we 
may regard values of g (2; -,, 2;) as the elements of a matrix: 


QMO, - QD) 2. gQM, . QAM 
-(5 7 QM) 2. 8 : ) (3.29) 

g (QM, +» AD) 22. g(QQM, - QM) 

Let us introduce the notation 
g Qh, Q\”) = Gam a”) (3.30) 
The partition function (3.27) is rewritten in the following form: 
Z= >>) «++ Gara, Garay «+ Gay so (3.31) 
Q1 Qe Qy ve 


and, according to the rule of matrix multiplication ‘row by column’, 
we find 


Z=) Goa, (3.32) 
Q 


N 


Introducing the cyclicity condition Q,) = Qy (at N >> 1 this condi- 
tion plays no role), we obtain Z in the form of the trace Sp G4, 
i.e., the sum of diagonal elements of the matrix G raised to the po- 
wer NV: 


Z=SpGNa=av+ay+... +an (3.33) 


where A, are the eigenvalues of the matrix G. All the elements of the 
matrix are positive. From this it follows that it has a maximum eigen- 
value 4,, which is real, positive and nondegenerate (the Frobenius 
theorem). At N>1 


Za hy (3.34) 


Thus, the calculation of the rotameric partition function is reduced 
to finding the maximum root of the matrix A,. If the value of Z is 
known, we can calculate the equilibrium characteristics of macro- 
molecules. In particular, this method is employed to find the mean- 
square length of the coil, h? [see formula (3.20) and formulas that 
take account of the correlation of rotamers]. 

Let us consider, with the aid of this method, the extension of a 
one-dimensional cooperative model (Fig. 3.9) by applying a force f. 
Let the energy of the ¢-rotamer, i.e., the energy of two adjacent paral- 
lel links, be equal to —#, and the energy of the s-rotamer, i.e., 
that of two adjacent antiparallel links, be E. Hence, the energy 
difference between the rotamers will be 


AE = 2E (3.35) 
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We write this condition in the following form: 

—Eoj,o; if i=j+1 
0 if ixtj+1 


Here o,; = 1 if the link (an arrow) is directed to the right and o; = 

: —41 if it is directed to the left; i and j are the numbers of links. 
The energy £;; = 0 if the links are not adjacent to each other— 
the correlation extends only to the neighbouring arrows. If an exter- 
nal force is applied, which orients the arrows in the right direction, 
then each of the links of length 7 acquires an extra energy: 


E; = —If cos g = —Ifo; (3.37) 


where @ is the angle between the direction of the link and that of 
the external force. Since each of the arrows may be only in two posi- 
tions, then the matrix G has a second rank (r = 2). According to 
Ky. (3.28), we find 


Eiy= (3.36) 


8 (Gj, Oss) =exP ( 7-5, Op + Gy) (3.38) 


and the matrix G is obtained by substituting the values of o,; and 
«,,, equal to +41 and —41: 


Z =( ) 3.39 
g(—1, 1) e(—4, —1) oe 
Introducing the notations a = E/kT and b = [If/kT, we have 


exp(a+0d exp(—a+b 
e=(ai em ope) oe 
he eigenvalues are found from the equation 
exp(a+b)—i exp(—a--b 
wn b) = = b) oe ae G4) 
They are equal to 
Ay, 2=e* cosh b + (e2* sinh? b+ e-2)'/? (3.42) 
Since Ay > A>, then, according to Eq. (3.34), 
Z = = [e* cosh b+ (c2* sinh? b-+ e-24) 1/7)" (3.43) 


We have obtained a simple analytical expression for the partition 
function. Using this expression, we compute the average length of 
the chain: 


> olnZ olnda sinh b 


46-0279 
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The measure of cooperativity is the quantity a, i.e., AE/kT. In the 
absence of cooperativity, i.e., at a = 0, 


h=Nltanh b= Ni tanh 4 (3.45) 


With the free orientation of the arrows the chain length is the larger, 
the greater is the force and the lower the temperature. At small 
forces, i.e., at fl< kT, 


h = NEf/kT (3.46) 
or 
kT + 


that is, the chain length is proportional to the tensile force (Hooke’s 
law), the modulus of elasticity being proportional to absolute 
temperature. If, on the contrary, a>>1, i.e., AE > kT, then the 
quantity e-** in expression (3.44) may be neglected and h = NI, 
irrespective of the force. The chain is rigid, and therefore it is ex- 
tended. The same result obtains with large forces, i.e., at fl >> kT. 
Here too sinh? b >> e~*¢—a large force fully extends the chain. 

The root-mean-square length of the rotameric one-dimensional 
chain is calculated, in the absence of an external force, directly 
from formula (3.19): 

N i-t 
R2—= NE Th — np tein 2 a(n” —1) 
h?= N72+2 a p> (U,l;) = Nl qa er (3.48) 
ix=2 j=1 
where 7 is the mean cosine of the angle between two neighbouring 
arrows. In the case under consideration, 
cos 0° exp (E/kT) -+-cos 180° exp (— E/kT) E 
= exp (E/kT) + exp (—E/kT) =tanh yp (3.49) 


and at N>>1 _ 
h? = NP exp (2E/k7) 


The correlation determined by the advantage of the parallel arrange- 
ment of the arrows extends the chain. 

The conformational transitions of macromolecules both on melt- 
ing of a crystalline polymer and on extension of the chain are cooper- 
ative. This is important for the understanding of the properties 
of biopolymers. 


3.5. The Coil and the Globule 

The primary or chemical structure of the macromolecular chain 
is fixed—the chemical bonds in it do not exchange places. This 
means that the equilibrium state of the chain is, in fact, the state of 
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the partial equilibrium with fixed linear memory (Lifshitz). The 
presence of linear memory is the factor responsible for certain 
features in the properties and structure of macromolecules. 

We have already considered the conformational changes of macro- 
molecules, i.e., the rotations about single bonds. As a result of 
auch rotations, a coil is formed, which is the looser, i.e., its size 
is the larger, the less flexible is the chain. For sufficiently rigid 
chains, apart from the model considered above, use may be made 
uf the elastic rod model. Suppose that the chain consists of NV + 41 
links of length 7, which form successive small angles q,, @,, ... 
with one another. The cosine of the angle between the ith 


- Oy 
and (ij +j)th links is given by 
l ’ t 
COS Q;, i+; = Sey incl ae - i oD (cos @) (3.50) 
where cos @ is the mean value of cos g. At small @ 
COS Q;, 543 © (1— G2/2)) = exp (— jg?/2) (3.54) 
and 
COS Wy, a4 © exp (— Nq?/2) = exp (— L/d) (3.52) 
where L = N1 is the contour chain length, and the quantity 
2l 
ee (3.53) 


in the so-called persistent chain length, a parameter which character- 
izes the loss of correlation between the links during the motion 
wlong the chain. The meaning of the persistent chain length is as 
follows: a chain segment, shorter than d, may be regarded as a rigid 
rod, the segments of length d being capable of rotation independently 
of one another—they are freely-jointed. Theory gives the following 
value of the mean-square chain length: 


WB = 2d? (1+ e-H/2) (3.54) 


At L < d the square end-to-end chain distance, h?, is approximately 
myual to L? and the chain is extended; at L >>d, the value of h? 
ix equal to 2dZ and the chain is coiled up with a statistical chain 
avgment of length 2d. Even a very rigid chain is coiled up if it is 
long enough. 

Obviously, the links in the coil which are far away from one an- 
other along the chain can come closer together. So-called volume effects 
thus arise (Flory). The interactions of monomeric units in the coil 
are similar to the interactions of molecules in a real gas: a strong 
repulsion at small distances, as a result of which two monomers 
cannot be in the same place, and a weak attraction at large distances: 
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Simple calculations of the coil size do not take into account 
these effects. Nevertheless, such calculations may be compared with 
experiment at the so-called Flory 9-point, which is defined as the 
temperature at which the attractive forces in a given solvent aro 
compensated for by the repulsive forces and no volume effects aro 
present. The theta temperature is similar to the Boyle point of a 
real gas. At T > 0 the repulsion predominates (a good solvent), 
and at 7 <© there predominates attraction (a poor solvent). Tho 
coil is dilated or contracted. 

A macromolecular coil as a fluctuating system is characterized by 
a density correlation, i.e., a quantity which relates a change in den- 
sity at one point in space occu- 
pied by the coil to a change 


nh in density at another point. It 
turns out that the correlation 
Ny radius is of the same order as 


| the size of the coil. The presence 
| of a large correlation radius is 
I due exactly to the linear mem- 
ory in the chain. But if this 
is so, then the density of the 
coil is not its thermodynamic 
Fig. 3.40. The density distribution characteristic; it has no reliable 
in the globule. constant value. In other words, 
the macromolecular coil is con- 
tinuously fluctuating and its 
fluctuations are macroscopic. Only the time-averaged density of 
the coil has meaning. 

The Flory theory regards a polymer coil as a cloud of monomers, 
neglecting their union into a single chain. It is, however, necessary 
to deal not with monomer-monomer interactions but with inter- 
actions between chain portions. In other words, a polymeric coil 
may be depicted as a cloud of quasiparticles—quasi-monomers 
which represent the collective properties of all the monomers in the 
chain. The theory proposed by Khokhlov is rigorous and provides 
a good agreement with experiment. 

If a strong attraction occurs between the chain links at T< 0 
or the coil is acted on by an external compressing field, it is com- 
pacted into a tight coil structure, a globule. The process that takes 
place is similar to the condensation of a gas to a liquid. 

The theory of the coil-globule transition has been worked out by 
Lifshitz, Grossberg, and Khokhlov. The phase transition coil > 
—» globule and the state of the globule depend on the properties of 
the polymeric chain. If the chain is long and its flexibility low, 
i.e., if 9? >> r°, where p? is the mean-square distance between neigh- 
bouring monomers in the coil, and r is a quantity which is of the 


To r 
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order of the radius of the interaction between chain links, then at 
 < © the phase transition is a transition of the first kind (first-order 
transition) with a jump in density. If the chain is flexible, i.e., pe? = 

xr, there occurs a smooth phase transition of the second kind (sec 
Wine order phase transition) accompanied by a gradual swelling of 
the globule up to the size of the coil. At 9° >> r* the globule itself is a 
\wo-phase system, consisting of a compact core and a fluctuating 
“fringe”, whose density falls off gradually to zero. 

Figure 3.10 shows the density distribution in such a two-phase 
globule. As the temperature falls the density in the fringe declines 
just as the density of a vapour over a liquid drop. Because of the 
interconnection of the links in the chain at a sufficiently low temper- 
ature a short chain forms a fringeless globule. The core of the glob- 
ule is similar to a crystal rather than to a liquid; it is character- 
ized by zero configurational entropy. The formation of a globule 
means that it is the most preferred configuration of the links. 

[t should be stressed that this theory is at present restricted to the 
consideration of a homopolymer chain built up of identical mono- 
meric units. 


3.6. Methods of Investigation of Macromolecules 

Macromolecules of any chemical structure are characterized by a 
definite molecular weight or by a molecular-weight distribution and, 
when being in the form of a coil or globule, also by their size and 
shape. Below we shall consider methods of experimental determi- 
tation of these characteristics. 

The most important molecular-weight determination methods 
«mployed in the physics of polymers are osmometry, viscosimetry, 
wnd sedimentation in the ultracentrifuge. The last method is espe- 
tially widely used for the study of biopolymers. 

Osmometry is based on the measurement of the osmotic pressure 
Noam Of a polymer solution. According to the van’t Hoff law, 


where c is the solution concentration in g/cm; M is the molecular 
weight (for polydisperse polymers M is the number-average molecu- 
lur weight). Equation (3.55) holds for ideal solutions. For nonideal 
solutions (polymer solutions are invariably nonideal) 


Posm =P ¢ + Be?-+Cc8 +... (3.56) 
"he coefficients B, C, etc. are the second, third, etc. virial coefficients, 


or dilute solutions the third and succeeding terms may be neglect- 
wl. A plot of Posmagainst ¢ is linear and allows us to find M and B, 
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The intrinsic viscosity of a polymer solution is defined as 


=li n—No ; 
fn] = lim (3.51) 
where y is the viscosity of the solution; no» is the viscosity of tho 
pure solvent. The quantity [yn] depends on M. It has been found 
that for a solution of polymer coils 


[nl] = AMe (3.58) 


It should be noted that 0.5< a < 1.0, depending on the permeabil- 
ity of the coil to the solvent. For a fully permeable coil a = 1.0, 
and for a nonpermeable coil a = 0.5. For rigid spheres a = 0, and 
for long rigid rods a = 1.7. Formula (3.58) can be used for the deter- 
mination of molecular weights if A and a are known from indepen- 
dent data. 

The sedimentation method consists of the sedimentation of macro- 
molecules under the action of a centrifugal force in the ultracentri- 
fuge, whose rotor revolves at a speed of up to 104-105 rpm. The cen- 
trifugal acceleration is much greater than the force of gravity g— 
in modern ultracentrifuges it reaches 350,000 g (70,000 revolutions 
per minute). The cell containing a polymer solution is a cylinder 
with transparent windows made of crystalline quartz; it is placed 
in the rotor. The observation is carried out by optical methods. 

If the rate of sedimentation considerably exceeds the rate of diffu- 
sion of macromolecules, sedimentation occurs. Two regions arv 
formed in the cell—the pure solvent and the polymer solution. There 
is also a transient zone, where the solute concentration c varies from 
zero to a certain maximum values. As the sedimentation progresses 
this zone and its boundary are displaced. The velocity of travel of 
the boundary towards the base of the cell, i.e., from the axis of ro- 
tation of the rotor, is measured. 

The macromolecule is acted on by a centrifugal force Vin mwz, 
where V,, is the volume of the macromolecule; p» is its density; 
w is the angular velocity of the rotor; x is the distance from the axis 
of rotation. But in solution the macromolecule is acted on by the 
buoyancy, and the effective centrifugal force is equal to Vm (0m — 
— Po) w*z, where fy is the density of the solvent. This force is bal- 
anced against the frictional force during translational motion, 
xdz/dt (where x is the frictional coefficient). When calculated per 
1 mole we obtain: 


NaVn0m (1—V mo) 022 = xldz/dt (3.59) 


where Ng is Avogadro’s number and V,, = pz is the specific par- 
tial volume of the macromolecule. But, on the other hand, 
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lor dilute solutions x is expressed in terms of the diffusion coefficient 
/) according to the Einstein formula: 


x= At * (3.64) 
Kquations (3.59) through (3.62) lead to the Svedberg formula: 
Sopvente 5 Sean (3.62) 
(1—VmPo) D 
where s is the sedimentation coefficient defined by 
1 dz 4 ding 
erage = ioe a) Aes08) 


A sedimentation coefficient of the value of 1 x 10-15 s is called a 
Svedberg unit (1 S). 

The positions at successive times of the sedimenting boundary 
layer are photographed in ultraviolet light. By measuring s, D, 
('m, and 9, it is possible to determine /. The sedimentation coeffi- 
cient s depends on the solution concentration due to the hydrody- 
namic interaction of the molecules. The value of s extrapolated to 
zero concentration 

Ss, =lims (3.64) 


c>0 


is called the sedimentation constant. It increases with increasing M. 
For example, the values of sy) for myoglobin, hemoglobin, and phyco- 
erythrin are, respectively, 2.0, 4.5, and 12.0 S. The corresponding 
values of molecular weights are 17,600, 68,000, and 290,000. 

With low rotational velocities of the ultracentrifuge a stage is 
reached where the rate of sedimentation equals the rate of diffusion 
and a state of equilibrium sedimentation occurs. At sufficiently 
large D the equilibrium sets in rapidly and there is observed an 
equilibrium distribution of the material. 

If c¢ is the concentration of the dissolved polymer at a distance x 
from the axis of rotation, then the number of molecules undergoing 
sedimentation during time dt through unit surface perpendicular to 
x is equal to 


where dz/dt is the rate of sedimentation at the distance x. During 
the same time dt the amount of the solute that diffuses through the 
same cross-sectional area is equal to 


At equilibrium 
pf (3.65) 
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But, according to Eqs. (3.62) and (3.63), 


dz _ M(1—Vmp) 
qr sens — at Dex (3.66) 


Substituting Eq. (3.66) into Eq. (3.65), we obtain the second Sved- 
berg equation, which no longer contains the diffusion coefficient D: 


RT dine 
Toa (3.67) 


The integration of this equation over the interval between z, and 
Z_ gives: 
_ 2RT In (c,/c,) (3.68) 


 (1—Vineo) o? 324 


In the Archibald method, which requires a lower consumption of ma- 
terial and time, not the equilibrium itself but the approach to 
equilibrium is investigated. The flows of material through the menis- 
cus and the base of the cell have a zero value, independently of the 
oe of equilibrium. From Eqs. (3.65) and (3.66) it follows 
that 


Wee cn years 
Im Cm \ dz ]m 2 Co 


The subscript m refers to the meniscus and 0 to the bottom of the 
cell. Combining Eqs. (3.69) and (3.66) leads to the following expres- 
sions for molecular weight: 


(4),-<+ (3.69) 


= RT (de/dx)m 
(Vp) o® mem 
= RT (de/dz)y (3.70) 


— (1= Vino) @? 70% 


For a homogeneous polymer these two values of M coincide. 

Of importance in biophysics is the sedimentation in a density gra- 
dient. In a concentrated solution of a low-molecular-weight com- 
pound (in CsCl, sucrose, etc.) on ultracentrifugation there is set up a 
concentration gradient, i.e., a density gradient of the solvent for 
macromolecules, dpo/dz. In such a solution the macromolecules will 
take up a position in that part of the cell where s = 0, i.e., accord- 
ing to Eq. (3.66), VmOo = 1 or Po = Pm- In other words, the mac- 
romolecules will be accumulated in the part of the cell where the 
density of the concentrated solution coincides with the density of 
the macromolecules (the value of 9, is measured directly). A het- 
erogeneous mixture of macromolecules is separated and there is 
observed a density spectrum. This method is efficiently employed in 
studying nucleic acids. 
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The diffusion is described by Fick’s equation: | 


dc 6c 
The diffusion coefficient D is found with the aid of formula (3.71). 
The concentration gradient and the rate of its change are determined 
hy optical methods. In a special cell the pure solvent is placed over 
the solution and the light refraction or interference is studied. 

For real solutions with a sufficiently high concentration, in place 
of the Einstein formula (3.61), the following expression is valid 
Icf. (3.56)]: 


= + (RT 4+2BMc+3CMc?+...) (3.72) 


that is, D depends on the concentration. The frictional coefficient x. 
depends on the shape of the macromolecule and its permeability to 
the solvent. For rigid spheres of radius r Stokes’ law holds: 


Xsph = Omnyor (3.73) 


For nonspherical particles the frictional coefficients are different. 
for the directions of motion that coincide with the longitudinal and 
lateral axes of the particle. The mean frictional coefficient for an 
ellipsoid particle is higher than for a spherical particle of the same 
volume. For long rod-like molecules the frictional coefficient and 
viscosity are especially high. 

Information on the molecular weight and shape of macromolecules. 
is provided by optical methods of investigation. The intensity 
of the light scattered by a polymer solution depends on M. As a 
result of scattering, the intensity of the light passing through the 
solution is attenuated according to the law 


I = I, exp (—yl) (3.74) 
where J, is the incident light intensity; J is the path length travelled 


by the light ray through the solution; y is the turbidity coefficient. 
The theory of light scattering gives 


y=" HeM (3.75) 
where 

__ 4m2ng ( dn \2 

=a (+) (3.76): 


Here mp is the refractive index of the solvent and n is the refractive 
index of the solution; 4 is the wavelength of the light; Na is Avo- 
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gadro’s number. The value of M is found by measuring the turbidity 
coefficient. 

When light is scattered by macromolecules, whose size is commen- 
surate with the light wavelength, the Mie effect is observed, which 
is a specific asymmetric scattering indicatrix (the angular dependence 
of the scattered light intensity): the intensity of the light scattered 
forward is higher than that of the light scattered backward. The Mie 
effect is determined by the interference of light waves with different 
phases scattered by various parts of the molecules. 

Associated with the Mie effect is a curious episode in the history 
of biophysics. Certain absorption bands characteristic of hemoglobin 
in solution could not be observed in the blood spectrum for a long 
time. On this basis it was stated that hemoglobin in erythrocytes is in 
an altered state. Later it was found that the absorption of light by 
hemoglobin was masked by the Mie effect—the enhanced scattering 
of light forward by erythrocytes. 

Debye calculated the scattering function P (®), i.e., the ratio of 
the light intensity scattered at an angle @ to the intensity of the 
incident light: 


P (8) = Is/T (3.77) 


for macromolecules of various shapes—for spheres, ellipsoids, and 
rods. The measurement of the light scattering function makes it pos- 
sible to determine the shape of the macromolecule. The Zimm 
method allows one to measure the molecular weight and size of macro- 
molecules simultaneously. 

Highly valuable information of biopolymers is supplied by the 
study of the scattering of X-rays by their solutions (see Chapter 5). 

‘The shape of macromolecules (and also their anisotropic polariz- 
ability) can also be determined by means of flow birefringence (the 
Maxwell dynamooptical effect). In flow birefringence two coaxial 
cylinders are employed, one of which is stationary and the other ro- 
tated; the polymer solution occupies the space between the cylin- 
ders. The inner cylinder, called the rotor, revolves about the common 
axis, carrying off the liquid. A velocity gradient is set up in it—the 
layer adjacent to the wall of the rotor moves most rapidly; the layer 
adjoining the wall of the stationary cylinder is immobile. As a re- 
sult, the macromolecules become oriented in solution and are acted 
on by a tensile force. The liquid becomes anisotropic, like a diaxial 
crystal. Birefringence is observed in a direction parallel to the axis 
of the dynamooptimeter. Its measurement provides the information 
indicated above. 

On the contrary, birefringence in an electric field (the Kerr effect) 
is of much less importance in the case of biopolymers. Biopolymers 
are polyelectrolytes: the macromolecules carry charges and there- 
fore not only become oriented but also move in an electric field. 
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3.7. Polyelectrolytes 

Many macromolecules, including proteins and nucleic acids, are 
macroions in aqueous solution, carrying a multitude of charged 
groups. An example is polymethacryli¢ acid 


— C(CH;)— CH, — 
CcOo- I, 


which is a polyanion. Biopolymers are polyampholytes, i.e., they 
contain both anionic and cationic groups. Proteins contain acidic 
(Glu, Asp, Tyr) and basic (Arg, His, Lys) residues (see page 28); 
nucleic acids contain acidic phosphate groups and the basic groups 
N=, HN=, and H,N— of nitrogenous bases. 

There exist solid macroions (globular proteins, etc.) and flexible 
polyelectrolyte chains. Evidently, the properties of such macromole- 
cules depend substantially on the interactions of the charges pre- 
sent in them. The magnitudes of these charges depend on the degree 
of dissociation of ionogenic groups and the ion atmosphere that 
surrounds them. 

The conformation of a flexible polyelectrolyte chain is determined 
by the minimum condition for the sum of conformational and elec- 
trical free energies. Naturally, the presence of like charges in the 
chain means their mutual repulsion, which leads to the uncoiling 
of the macromolecule, whose size is thus increased. The electrostatic 
free energy of the coil is calculated with account taken of the ion 
atmosphere. Flory has worked out a theory of the sizes of polyelec- 
trolyte chains which is similar to the theory of volume effects pro- 
posed also by him (page 83). It is assumed that the coil and the sol- 
vent immobilized by it are electrically neutral as a whole. Calcula- 
tions show that electrostatic interactions cannot convert the coil 
into an extended chain—only the expansion of the coil occurs. This 
is in agreement with experimental data, with the dependence of 
intrinsic viscosity [yn] on molecular weight. In a more rigorous 
statistical theory of charged macromolecules it is taken into ac- 
count that, because of the shielding by counterions, the charged 
groups of the macromolecule situated far away from one another 
along the chain interact only during their accidental approach due 
to fluctuations. From this theory it follows that the conformational 
properties of charged macromolecules are intermediate between the 
properties of unswollen random coils and rigid rods. For polyelectro- 
lytes h? ~ M*/3 and [yn] ~ M (cf. page 86). These results agree with 
experiment (in particular, for denatured DNA). The square of the 
linear swelling coefficient is proportional to /-?/3 (J is the ionic 
strength, page 31). 

The greatest extent of uncoiling of the macromolecule of a poly- 
electrolyte is attained at a low ionic strength. Figure 3.11 shows the 
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effect of the charge on the radius of gyration of the macromolecule 
of polymethacrylic acid. These data have been obtained by the 
light scattering method for solutions containing no salts. The degree 
of dissociation of the polyacid is controlled by the addition of a 
base. In such a case, of course, the ionic strength does not remain 
constant. 

The expansion of the coil increases with dilution of the solution, 
since a decrease in concentration of the polyelectrolyte at constant 
degree of dissociation means a decrease in ionic strength. Information 
on the structure and properties of polyelectrolyte macromolecules 
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Fig. 3.11. The dependence of the Fig. 3.12. An electrophoretic pattern. 
radius of gyration of macromolecules of 
polymethacrylic acid on the degree of 
dissociation of the carboxyl groups. 


in solution can be obtained through the use of isoionic dilution: the 
polyelectrolyte solution is diluted by a salt solution with the ionic 
strength equal to the ionic strength of the most concentrated poly- 
electrolyte solution in order to maintain the total concentration of 
counterions constant. Under these conditions (yn — mo)/noc is lin- 
early dependent on c. 

Counterions can be bound by the charged groups of a polyelectro- 
lyte in a specific way—such binding depends on the chemical nature 
of the macroion and the small ion. This specific binding, which 
boils down to the formation of salt linkages at fixed points of the 
macromolecule, should be differentiated from nonspecific binding, 
which consists of the formation of an ionic atmosphere. The coun- 
terion in a salt linkage is at a considerably shorter distance from the 
charged group of the polyion than the distance between this group 
and mobile counterions. The specific binding of counterions determines 
the ion-exchange properties of polyelectrolytes which find impor- 
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tant practical applications. Cross-linked insoluble polyelectrolytes, 
which undergo swelling in water or in other liquid media, are used 
as ion-exchange resins or ionites. Ion-exchange resins are capable of 
sorbing certain ions from solutions; this ability of ion-exchange 
resins has found application for the purification and separation of 
various electrolytes and for the purification of nonelectrolytes from 
ion impurities. 

In polyampholytes and, hence, in biopolymers, salt bridges (ionic 
bonds) can be formed between the cationic and anionic groups in a 
single chain or in several chains. Investigations of the structure and 
properties of biopolymers must, of necessity, take into account their 
polyampholyte nature and, hence, the pH and ionic strength of the 
medium. The structure of native (i.e., biologically functional) mole- 
cules of proteins and nucleic acids depends to a considerable extent 
on the electrostatic, ionic interactions. Of no less importance are 
interactions with small ions of the medium. The interaction between 
proteins and K*, Nat, Ca?*, and Mg?* ions determines the most 
significant biological phenomena, in particular the generation and 
transmission of the nervous impulse and muscle contraction. The 
functional structure of nucleic acids and their participation in pro- 
tein biosynthesis are also associated with the cations of alkali and 
alkaline-earth metals. 

The properties of polyelectrolytes allow us to simulate mechano- 
ees processes, particularly muscle contraction (see Chap- 
ter 12). 

The polyelectrolyte properties of proteins make possible their 
separation and investigation by electrophoresis. If a solution con- 
taining charged particles is in an electric field, its particles move 
towards the respective electrodes. The electrophoretic mobility of a 
protein depends on the net charge of its molecules at given values of 
pH and ionic strength. Special electrophoretic methods have been 
devised for the analysis of proteins and their mixtures. The moving 
boundary method or frontal electrophoresis are concerned with the 
determination of the distance travelled in an electric field by the 
sharp boundary between the solution of the substance under study 
and the solvent. For preparative separation of protein mixtures, 
use is made of the method of zone electrophoresis. The solution of 
the compound to be studied is first placed as a narrow layer between 
two layers of the solvent. For a sufficiently long period of time com- 
pounds having different mobilities move apart to a considerable 
distance, their zones no longer overlap and the separated products 
can be extracted from the solution. The separation is hampered by 
the convection transport of the zones. Convection is reduced to a mini- 
mum, using a supporting porous medium—gels, paper filter, etc. To 
stabilize the system, use is successfully made of a density gradient 
(cf. page 88). Electrophoresis in this case is conducted in a vertical 
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tube containing a buffer solution whose density increases with the 
density gradient. 

Just as in the case of sedimentation and diffusion, the recording 
of the electrophoretic pattern is made by means of optical methods. 
The resulting electrophoretic pattern (Fig. 3.12) consists of a series 
of peaks corresponding to the various components of the mixture. 
The peak area characterizes the amount of the corresponding com- 
ponent. 
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4.1. The Goals of Protein Physics 

Proteins are the invariable participants in all life processes. Pro- 
tein-enzymes catalyze all chemical, electrochemical, and mechano- 
chemical processes taking place in cells and in organisms. The most 
important function of proteins is that of enzymes. Specialized en- 
zymes serve as catalysts for all metabolic reactions, DNA replication, 
the transcription of the genetic message from a DNA strand to 
mRNA, and the transfer of the information encoded in the mRNA 
to the ultimate structure of the protein molecule (the process referred 
to as translation). Proteins also function as regulators of the genet- 
ic functions of nucleic acids. Regulatory enzymes, called allosteric 
enzymes (Chapter 6), provide feedback in metabolic chains. 

The movement of cells and organisms, the performance of mechan- 
ical work by them (say, muscular work), is realized by special 
contractile proteins, which serve as working substances for these 
processes. Contractile proteins perform the enzymic, ATPase func- 
tion, accomplish the conversion of the chemical energy (stored in 
ATP, page 43) to mechanical work. The “charging-up of the storage 
battery”, i.e., oxidative phosphorylation, occurs in mitochondrial 
membranes with the requisite invariable participation of the respi- 
ratory chain enzymes. Oxidation-reduction enzymic processes also 
occur in photosynthesis. Other membrane proteins are responsible 
for the active transport of molecules and ions through the mem- 
branes and, consequently, for the generation and transmission of the 
nervous impulse. Proteins control all metabolic and bioenergetic 
processes. 

In animal organisms there are special proteins which perform 
specific functions. The proteins serve to store oxygen (myoglobin) 
and transport it (hemoglobin, hemocyanin). Low-molecular-weight 
proteins or, more exactly, polypeptides, are hormones (page 54). 
The gamma-globulins of higher organisms protect them against 
foreign biopolymers by functioning as antibodies in immune pro- 
cesses. Finally, proteins that enter into the composition of connective 
tissues, cartilages and tendons and also the proteins of skin, hair, 
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and feathers are structural proteins which provide a reliable and 
mobile active intercommunication between the organs, the unity of 
the organism and its protection against external influences. 

One can say that proteins are invariably involved in the storage, 
transfer, transformation, recoding, and reception of chemical sig- 
nals—macromolecules, molecules, and ions—in living systems. In 
many cases, the proteins themselves serve as signals, their recep- 
tors, and transformers. Proteins that enter into the composition 
of the receptor systems of the organism recodes external signals into 
the chemical and electrochemical language. 

Protein molecules are the most complex of the molecules known 
to science. Their biologically functional spatial structure and also 
the structure of supermolecular systems containing proteins (mem- 
branes, etc.) are determined both by chemical bonds in protein 
chains and by the entire set of weak interactions. Native proteins 
are never random coils. Globular proteins are aperiodic crystals of 
complex structure. They are dynamic rather than statistic systems, 
a sort of a machine, whose behaviour depends on the position and 
properties of all its component parts. Apart from globular proteins, 
there also exist fibrous proteins—contractile and structural pro- 
teins. 

Protein denaturation, i.e., the loss of biological functionality by 
a protein when it is heated, acted on by acids and bases, etc., con- 
sists in the destruction of weak interactions and, as a result, in the 
final transition of the aperiodic crystal (globular or fibrous) into a 
random coil. 

Let us formulate the principal goals of the physics of the protein. 

1. The theoretical and experimental investigation of the structure 
of protein molecules and supermolecular systems that contain such 
molecules. 

2. Directly related to these investigations is the problem of estab- 
lishing the relationship between the primary structure of the pro- 
tein chain and the three-dimensional structure of the native macro- 
molecule. 

3. The study of the physical mechanisms of formation of the pri- 
mary structure of a protein, i.e., the mechanisms of genetic coding, 
translation of the genetic information, and of the regulation of the 
action of genes by proteins. 

4. The study of physical mechanisms that control the various 
biological functions of proteins, primarily the enzyme ac- 
tivity. 

The solution of these problems will lead to the understanding of 
the essence of biological phenomena in cells and organisms on the 
molecular, physical (and chemical) basis. 
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4.2. Conformations of the Polypeptide Chain 

To understand the protein structure, it is necessary to consider 
the possible conformations of the polypeptide chain. These confor- 
mations are primarily determined by the structure of the peptide 
bond —CO—NH— (page 35). The structural parameters of peptide 
units established by means of the X-ray analysis of peptides and 
related compounds are given in 
Table 4.14. The meaning of the 
symbols C* and C is clear from 
Fig. 4.4. The letters X and Y r{\ 
stand for atoms linked to C# 
both in the backbone chain and He 
in the side group R. The fully cae 
extended chain (without defor- ° > ae Wan 
mation of the valence angles and ‘ 
changes of the bond lengths) 0 
has a trans-conformation with 
zero values of the rotational Fig. 4.4. A fragment of the protein 
angles 9, tp, and @ (Fig. 4.4). chain. 

Such a conformation is not, 
however, the most stable. The 
hydrogen atoms of the imine groups N—H form hydrogen bonds 
with the oxygen atoms of the carbonyl groups: 


Sc=0 ++» H—NC 
DC=0 +++ HNC 


(see Sec. 4.3) 

In order to find the most stable conformation of the polypeptide 
chain, it is necessary to minimize its total energy, including the 
energy of the intramolecular hydrogen bonds. 

Pauling and Corey have found the most stable conformations of 
the polypeptide chain on the basis of the data obtained by X-ray 


Table 4.1. The Structural Parameters of Peptide Units: Bond Lengths 


and Valence Angles 


Bond Bond length, nm Valence angle, degrees 
c*—¢ 0.153 C“CN 114° 
C—N 0.132 OCN 125° 
N—C® 0.147 c*co 121° 
(=O 0.124 CNC*% 123° 
N—H 0.100 CNH 123° 
08 0.454 HNC“ 114° 
(*—H 0.107 XC*Y 109 .5° 
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diffraction studies and of the consideration of the tight packing of 
chains with a maximum number of hydrogen bonds. There are three 
such conformations. First, this is the a-heliz shown in Fig. 4.2. It is 
characterized by rotation about the axis by 100° and displacement 
along the axis by 0.15 nm per 
peptide unit. Accordingly, there 
are 3.6 peptide units per each 
complete turn of the helix, 
the height of each turn being 
0.54 nm. The helix is stabilized 
by hydrogen bond formation 
between the C=O group of one 
peptide bond and the H—N 
group of the preceding fourth 
peptide unit. Such bonds are 
formed between all the amino- 
acid residues, with the excep- 
tion of proline (Pro) which con- 
tains no N—H group. The e-helix 
may he either right- or left- 
handed. In the first case, p = 
= 132°, p = 123°, and in the se- 
cond, g = 228° and tp = 237° (the 
angles are measured from the 
planar trans-conformation of the 
chain). The conformation of the 
a-helix is determined, in partic- 
ular, by the planar arrangement 
of the atoms in —CO—NH—. 
The second and third confor- 
mations with maximum satura- 
tion of the hydrogen bonds— 
the parallel and antiparallel 
p-forms—are shown in Figs. 4.3 
and 4.4. These conformations 
Fig. 4.2. The a-helix. are the conformations not of a 
single chain but of the assembly 
of chains that form a pleated- 
sheet structure. The chains in the B-forms have no planar, trans- 
structure (Fig. 4.5). In the parallel B-form g = 61° and yp = 
= 239° and in the antiparallel B-form g = 380° and p = 325°. 
Of importance is the possibility of a B-form being formed in a 
single polypeptide chain as a result of its regular twists. A schemat- 
ic representation of such a cross-B-form is given in Fig. 4.6. The 
rotational angles at the bent points are different from those charac- 
teristic of the ordered portions. .. 
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Vig. 4.4. The antiparallel B-form. Left—an individual chain. 
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Thus, the hydrogen bonds stabilize the fixed conformations of the 
polypeptide (protein) chain in solution. The fixed conformation is 
commonly referred to as the secondary structure of the chain. The 
presence of the secondary structure, which is periodic, means that 
the chain is similar to a crystal; the a-helix is similar to a one-di- 
mensional and the B-form to a two-dimensional crystal. 

The a- and f-forms are not the only ones. For example, fibrous 
proteins (Sec. 4.9) have other conformations. 


Fig. 4.5. The gross structure of the polypeptide Fig. 4.6. Schematic represen- 
chain in the B-form. tation of the cross-f-form. 


Let us now consider the relationships between the energy of the 
polypeptide chain and the angles of internal rotation @ and » (so- 
called steric contour maps which resemble geodesic contour maps). 

The conformational energy of the chain is determined by the 
weak interactions of nonbonded atoms. Because of the planar struc- 
ture of the peptide group the rotational angles q; and 1; of the 
ith unit are practically independent of the angles 9,4, and j4, 
of the adjacent unit. If the angles g; and ; vary within the limits 
allowed by the overlap of the atoms of the peptide groups linked by 
the bonds of the ith and (i + 1)st units and if the angles g;4, and 
Wi4, vary simultaneously, then there is not such a combination of 
these four angles at which the steric interaction of the ith unit with 
the (i + 2)nd unit is possible. Therefore, the polypeptide chain has 
limited cooperativity, the short-range interactions in it being re- 
stricted to nearest-neighbour interactions. This allows one to deal 
separately with conformational energies for individual amino-acid 
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residues. The steric map for a particular residue depends substanti- 
ally on the nature of its radical R. It may be presumed that the 
interactions in a given pair of peptide groups characterize the ami- 
no-acid residue that links these groups together. Ramachandran 
studied the dipeptide glycine-L-alanine and obtained a conformation- 
al (steric) map for alanine. The calculation was based on the assump- 
tion that atoms are rigid spheres having van der Waals radii deter- 
mined from data on internuclear distances in molecular crystals. 
Table 4.2 gives internuclear distances most frequently observed in 
crystals and the minimum distances observed only in a few cases. 


Table 4.2. The Contact Distances Between the Atoms in Polypeptides 


dai Ordina nimu : ina: inimu 
oe aistance, distance, Eee distance, distance, 
cc 0.32 0.30 ON 0.27 0.26 
(ome) 0.28 0.27 OH 0.24 0.22 
Gn 0.29 0.28 NN 0.27 0.26 
CH 0.24 0.22 NH 0.24 0.22 
OO 0.28 0.27 HH 0.20 0.49 


Using the potential of rigid spheres, one can evidently obtain 
only the allowed and forbidden regions of values of g and). Figure 
4.7 shows such a map for alanine. The solid lines delineate the 
regions allowed at ordinary internuclear distances, and the dotted 
lines those allowed at minimum distances. The map gives the values 
of g and for the right- and left-handed a-helices (ap and az), 
the parallel and antiparallel B-forms (8) and £,) and for the fibrous 
protein collagen (C). Analogous maps have also been plotted for 
other residues. Naturally, as the size of the radical R increases the 
region of allowed values of g and‘p diminishes. 

More rigorous calculations have been carried out with the aid of 
the following potential (cf. page 68): 


U (p, }) = Ue (1—cos 39) + U5 (1 —cos 31p) + 
+ SU (ry)+Uc (4.1) 


i, j 
The potential U (r;;) may be taken in the form of the Lennard- 
Jones (12-6) potential or the 6 — exp potential (page 68). The quan- 
tity Uc characterizes the Coulomb, electrostatic interaction between 
neighbouring pairs of peptide groups which is determined by their 
large dipole moments amounting up to 3.7 D. 
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The energy barriers Uy and Uy are found from data obtained in 
the investigation of small model molecules. Evidently, 2.4< 
< Uy <.5.5 kJ/mole (2.1 is the energy barrier for H;C--CO—OH, 
5.5 for H,C—CO—Cl) and Uy <6.3 kJ/mole. These barriers are 
small, much lower than those for hydrocarbons. 

The parameters for the Lennard-Jones (12-6) potential are listed 
in Table 3.2 (page 69). The calculation of Uc is complicated by the 
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Fig. 4.7. A steric chart for L-alanine (Ramachandran). 


fact that the value of dielectric constant ¢ that appears in Cou- 
lomb’s law is unknown: 
Uc = yet (4.2) 


eri 


1,9 
where e; and e; are the charges on atoms i and j. If there are no other 
atoms or molecules of the solvent (water) between the interacting 
atoms, then e ~ 3. This value corresponds to the hydrocarbon, or- 
ganic environment. 

For the atoms O and N linked by a hydrogen bond, use can be 
made of the function Uy, = U;; + Uc, which is determined from 
the values of the hydrogen-bond energy and equilibrium O .-- H—N 
distances. 

Expression (4.1) does not take account of the distortions of bond 
lengths and valence angles which are presumably small. This expres- 
sion is valid for an isolated polypeptide chain. In the presence of an 
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aqueous environment, account should be taken of the change in 
free energy of the water molecules removed from the solvent shell 
when the atoms are in contact with one another. Strictly speaking, 
it is necessary to minimize the sum of the intramolecular potential 
energy and the free energy of the solvent: 

Figure 4.8 shows the steric map for alanine. The numbers on the 
curves indicate the value (in kJ/mole) of the energy U [Eq. (4.1)]. 
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Fig. 4.8. A steric map for L-alanine (Flory). 


The contour lines are drawn, which correspond to energies from 4 
to 20 kJ/mole. The cross stands for the energy minimum. It will be 
instructive to compare the maps of Figs. 4.7 and 4.8. 


4.3. The Hydrogen Bond and the Structure of Water 

Thus, the secondary structures of protein chains are stabilized by 
hydrogen bonding. Hydrogen bonds also play a key role in the 
conformational structure of nucleic acids and carbohydrates. 

Biopolymers function in an aqueous environment. The special 
properties of water, which make it an indispensable component of 
cells and organisms, are also determined by hydrogen bonds. Let 
us consider the nature and properties of the hydrogen bond (see 
page 62). 
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The presence of hydrogen bonds exerts a strong effect on the physi- 
cal and physico-chemical properties of substances. The intermolecu- 
lar hydrogen bonds determine the association of molecules. Associ- 
ated substances are characterized by relatively high heats of vapor- 
ization, high melting and boiling points and by large differences in 
melting and boiling points. Let us compare four substances composed 
of isoelectronic molecules (Table 4.3). Methane is an unassociated sub- 
stance, the other three are associated through hydrogen bonds. We 
shall compare the properties of two isomeric substances: ethanol and 
dimethyl ether (Table 4.4). Ethanol contains an OH group which 
forms a hydrogen bond. No such bonds are present in dimethyl ether. 


Table 4.3. The Properties of Isoelectronic Substances 


Heat of Molar 

Substance Tm K Ty, K vaporization, volume, 

J/mole cm3/mole 
Hydrogen fluoride, HF 184 292 30.2 20.2 
Water, H,O 273 373 40.8 18.0 
Ammonia, H,N 195 240 23.4 20.8 
Methane, H,C 89 412 9.3 34.0 


Table 4.4. The Properties of Ethanol and Dimethyl Ether 


Substance Tm K T, K Heat ae A aa 
Ethanol, C,H,OH 161. 351 42.8 
Dimethyl ether, (CH3),0 435 249 18.7 


Substances associated by hydrogen bonds have large values of 
dielectric constants s. For example, at 20°C the dielectric constant 
of H,O is 80, that of HCN is 95, formamide, HCONH,, 84, and of 
NHsg, 15.5. The dielectric constant of diethyl ether, (C,H;).O is as 
low as 4.3. 

The structural studies of crystals containing hydrogen bonds 
show that when two electronegative atoms A and B (O, N, F, Cl) 
are bound by a hydrogen atom, the distance between them, rap, is 
smaller than the sum of the van der Waals radii. The sums of these 
radii are as follows: 0.28 nm for two oxygen atoms, 0.30 nm for O 
and N, 0.33 nm for two nitrogen atoms. In the presence of ee: 
atoms the distance is reduce to: 0.255 nm in O—H .- : 
0.280 nm in O—H --- N, 0.288 nmin N—H --- O, and 0. 310 nm 
in N—H ..-.- N. 
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The hydrogen bond reveals itself distinctly in optical spectra and 
in NMR spectra. The characteristic vibration frequencies of groups 
containing a hydrogen atom, say O—H and N—H groups, decrease 
if hydrogen forms a hydrogen bond. For example, in monomeric 
formic acid, H—CO—OH, the vibrational frequency of the O—H 
group is 3682 cm~-}, and in the dimer stabilized by hydrogen bonds 


VA 
\o—H.-.-0% 


H—C 


it is equal to 3080 cm~1. The other frequencies of the monomer are 
also changed. The infrared absorption bands of O—H groups are 
strongly broadened when a hydrogen bond is formed, and their in- 
tensities are enhanced. Hydrogen bonding affects electronic spectra, 
shifting nx*-transitions (cf. page 155) to the short-wave side. In 
proton-magnetic-resonance (PMR) spectra there are observed chem- 
ical shifts caused by a hydrogen bond. The PMR spectroscopy is 
the most efficient method of studying hydrogen bonds. 

The hydrogen bond energy is determined from the thermodynamic 
properties of substances, from their spectra, etc. The thermodynamic 
functions are expressed in terms of the equilibrium constant: 


Activity of substance [A—H ..-- B] (4.3) 


aa Product of activities of reagents i [AH][B} 


The square brackets signify concentrations. The free energy of 
formation of a hydrogen bond is given by 


AG = AH — TAS = —RT In K (4.4) 


where AH is the enthalpy and AS is the entropy of bond formation. 
From Eq. (4.4) it follows that 
_ pre ( 91nK 
AH = RT? (“3 ), (4.5) 
The values of AH are of the order of 12-30 kJ/mole: 11.8 for water, 
25.6 for ice, 15.5-18.5 for ammonia, and 28.1-29.4 kJ/mole for HF. 
A hydrogen bond is formed at carbon only in a few cases (HCN, 
chloroform, CHCl,, mixed with pyridine, C;H,;N, etc.), 
Hydrogen bonding invariably links together two electronegative. 
atoms. The hydrogen atom is not shared completely by the atoms 
A and B: the designation A~H --- B, in which the solid line 
denotes a covalent bond and the dotted line a hydrogen bond, has. 
a real meaning. The X-ray diffraction method does not allow one to 
directly determine the position of the hydrogen atom (see page 144), 
but it can be established by means of neutron diffraction (page 151). 
In the system O—H ..- O, for example, the covalent bond is. 
much shorter and, hence, stronger than the hydrogen bond. The 
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following transitions occur in the system: 
O-—H.---O=]0..-.H—O 


The curve showing the dependence of the energy on the position 
of the hydrogen atom in the system O—H .- - - O (say, in the dimer 
of formic acid) has two symmetric minima separated by a barrier. 
Quantum mechanics permits us to consider the hydrogen bond from 
a quantitative viewpoint and to calculate its energy and length in 
reasonable agreement with expe- 
riment. The hydrogen bond is 
complex, its energy is made up 


5c . por of the contributions from elect- 
Ny H rostatic, dispersion and quan- 
Nf H tum-mechanical interactions 
H yak +5 (quantum-mechanical _interac- 
| H LH tions are determined by the delo- 
H—O.. / “ calization of the proton and elec- 
’ AL / _-H—O O 

o Be ci ‘ /\__ trons). 
Ye ae a | se oH. © The structure of water and ice 
‘yo HH HH en was is determined by hydrogen bonds. 
te NS 1 --H7~ \-\ . A water molecule can form 4 
, YX H H hydrogen bonds with neighbour- 
H Aa Na \ ing molecules (Fig. 4.9), with 
Sy oN " a tetrahedral coordination. Ordi- 
/ ZN 0 nary ice (ice I) has a hexagonal 
H e ny crystalline lattice, each oxygen 
atom in the lattice residing in 
Fig. 4.9. The structure of water. the centre of the tetrahedron, 


at the apexes of which there are 

located the neighbouring oxygen 
atoms. The O .--O distances are equal to 0.276 nm. The ele- 
mentary unit cell has four molecules. The molecular lattice of ice 
is very loose, with large open channels, since its coordination 
number is very small. This explains why ice is less dense than 
water. This property of ice is not unique; it is also exhibited by 
crystals of diamond, silicon, and germanium which have a similar 
structure. 

The ice-like structure is retained also in liquid water, the number 
of broken crystalline portions being the greater, the higher the 
temperature. Speaking of the structure of water, one should take 
into account the time scale in which this structure is recorded. 
In the ice crystal the water molecules experience vibrations, rota- 
tions, and occasional translational displacements. A snapshot taken 
with an exposure time t much shorter than the period of vibration, 
Typ 2 X 10-1! s displays an instantaneous or M-structure shown 
in Fig. 4.140a. During the time t, much longer than the time ty, 


a 
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but considerably shorter than the time of rotational diffusion, 
tat ~ 10-5 s, the vibrations are averaged and the photograph 
will show regularly arranged but randomly oriented molecules—the 
so-called K-structure (Fig. 4.10). And, finally, at t >> Taj, i-e., in 
an ordinary experiment, there will be obtafned a diffusion-averaged 
K-structure (the D-structure) (Fig. 4.40c). In liquid water the M- and 
k-structures are similar to crystalline structures, but the D-struc- 
ture is smeared by displacements of the molecules. If we place men- 
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Fig. 4.10. The instantaneous (a), vibration-averaged (b) and diffusion-aver- 
aged (c) structures of water. 


tally the camera over the water molecule and record the surrounding 
molecules during motion, we shall obtain the D-structure of the 
liquid which is its averaged K-structure. 

Using various methods of investigation with different durations 
of experiments, t, we can obtain information on the various types of 
structure (Fig. 4.11). The thermodynamic properties naturally char- 
acterize the D-structure of the liquid. 

We note that the longest relaxation times in water are of the order 
of 10-® s (Tair for ice). The occasionally published statements that 
water “remembers”, as it were, what has happened to it—whether 
it was heated or frozen—are based on poorly conducted experiments. 
There is no “thermally activated” water and snow melt is devoid 
of any special properties. 

The X-ray diffraction analysis of water gives a radial distribu- 
tion function, i.e., a relative content of molecules which are at the 
various distances from one another. At temperatures from 4° to 
120°C the principal peak of this function is gradually shifted from 
().282 to 0.294 nm. The coordination number in this interval is, 
on the average, 4.4 (for comparison, in liquid Ne the coordination 
number is 8.6 and in Ar it is equal to 10.5). Thus, water is quasi- 
crystalline and each molecule has, on the average, four neighbours. 
A number of theoretical models of the water structure have been 
proposed, which are consistent with these data; for this reason it is 
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so far difficult to decide on any one structural picture of liquid 
water. But we can consider the interpretation of the most important 
physical properties of water and, in the first place, the dependence 
of specific volume on temperature to have been established. The 
minimum of specific volume at 4°C is accounted for by the competi- 
tion between two processes. The first process is the collapse of the 
ice open structure with a small coordination number (4), causing 
a decrease in volume. This is a continuation of the melting process. 
In one model the decrease in volume is associated with the filling 
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Fig. 4.11. The time intervals (log t, t in seconds) corresponding to various meth- 
ods of investigation of the structure of ice and water. 


of the empty space in the loose lattice by monomeric water molecules, 
while in another model the bending of hydrogen bonds leads to the 
approach of neighbouring molecules, i.e., to a decrease in volume. 
The second process, which predominates up to JT > 4°C, is the ther- 
mal expansion of the liquid due to an increase in the amplitudes 
of anharmonic intermolecular vibrations. 


4.4. Helix-Coil Transitions 

The conformations of polypeptide chains stabilized by hydrogen 
bonds are stable only under certain conditions. A change of temper- 
ature, solvent, pH of the medium leads to order-disorder transitions, 
to the transformation of the regular, conformation of the chain to 
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n random coil. These processes can be conveniently studied on model 
homopolymers—synthetic polyamino acids. 

Many polyamino acids, say, polyglutamic acid (PGA) and its 
derivative poly-y-benzyl glutamate (PBG) 


menos | 
| 
CH, —CH, —CO—0—CH, — C,H; n 


are present in solution in the form of a-helices, which is proved by 
their hydrodynamic and optical properties. Doty has found that 
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Vig. 4.12. The dependence of the degree of ionization, [yn] and @gp on the pH of 
the medium in the region of the helix-coil transition in polyglutamic acid (PGA). 


helix-coil transitions are very sharp and similar to phase transitions— 
there occurs a sort of melting of a-helices of one-dimensional crystals. 
Figure 4.12 shows the dependence of the degree of ionization, the 
intrinsic viscosity [yn] and specific optical rotation sp of PGA 
on the pH of the medium. Near pH=6 the values of [yn] and gp 
fall off sharply and the degree of ionization increases. At pH <6 
polyglutamic acid has a helical conformation and at pH > 6, 
a coiled conformation. In contrast to PGA, poly-y-benzyl gluta- 
mate (PBG) dissolves in organic solvents. When dissolved in 
dichloroethane, chloroform, and formamide PBG forms rigid rods— 
a-helices. On the contrary, in solvents whose molecules form hydro- 
gen bonds with PBG (in trichloroacetic acid, etc.), PBG is present 
in a coiled form. As the composition of the solvent (say, the binary 
mixture CHCl, + CH,CICOOH) is changed gradually within a cer- 
tain narrow region (at 80 percent of CHCI,) the helix is converted 
to a coil. 

The sharpness of the transition and the sigmoidal character of the 
corresponding curves (for example, the curve of Qsp in Fig. 4.12) 
are an indication of the cooperative nature of the transition. The 
factor responsible for cooperativity is evident from the considera- 
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tion of the a-helix structure. The conformations of peptide units 
are interdependent, since the hydrogen bond between the C=O 
group of the ith unit and the N—H group of the (i — 4)th unit 
fixes the conformations of the (i — 1)st, (i — 2)nd, and (i — 3)rd 
units. In order to liberate a peptide unit, which will give a gain 
in entropy, it is necessary to break at least three hydrogen bonds, 
one after another, which requires the expenditure of energy. To 
reduce the free energy G, many units must be liberated, i.e., cooper- 
ativity is required. 

The thermodynamic condition for the melting of a crystal consists 
in the equality of the free energies of the crystal and melt—an 
a-helix and a coil in our case. We have 


G, = H, — TrSo = Aeon = T mS con = Goon (4.6) 
or 
AG = Goon — Ga = AH — T,,AS = 0 (4.7) 


The change in enthalpy is compensated for by the entropy change. 
From Eq. (4.7) it follows that 


ln=7T5 (4.7a) 


The statistical theory (to be considered at a later time) shows that 
the fraction of helical units of such a cooperative system is given 
by the following formula: 

gs” 


where 1<n< WN (WN is the number of units in the a-helix) and 
s = exp (—AG/RT) (4.9) 


has the meaning of the equilibrium constant for the formation of 
a hydrogen bond in the unit that follows the hydrogen-bonded unit. 
Formula (4.8) describes the cooperative melting of the a-helix 
if n>> 1. In this case at s = 1 a sharp transition occurs: 0 ~ 0 
at s<( 1; 6 = 0.5 at s = 1 (ie., at AG = 0) and 0 = 1 at s>1. 
Thus, formula (4.8) is in accord with the thermodynamic melting 
condition (4.7), i.e., with melting at a certain definite temperature. 
But under what conditions is the value of nm much greater than 
unity? The cooperativity is high if the free energy required for 
a single break to occur in the sequence of hydrogen bonds is high, 
ie., if the equilibrium constant o for such a process is small: 


o = exp (—G,,/RT) (4.10) 
Calculations show that 
1 


Vo 


nya 


(4.14) 
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The transition is the sharper the smaller is the cooperativity para- 
meter o. The cooperativity is at a maximum if G,, — oo and o 0. 
In such a case n — JN. On the contrary, np cooperativity is present 
if Gp, tends to zero and o —1. In this case nm —1 and, instead of 
formula (4.8), we get 


8 
6= Ta (4.12) 
The quantity 6 changes smooth- 
ly, without kinks—no melting 
occurs. Figure 4.13 shows the 
theoretical curves of the func- 
tion 6 (s) at various values of o. 
We shall give a statistical- 
mechanical derivation of these 
relations based on the Ising 
model and the matrix method 
(page 79). Each unit of the poly- 
peptide chain may be in a non- Fig. 4.13. Theoretical curves of 0 
bonded state (the symbol pj =0) versus s at different. values of o. 
and in a state bound by hydro- ; se 
gen bonds (uw; = 1). The free 
energy of the chain depends on a set of 1; values, the conformations 
of four successive units being interdependent. Therefore, the free 
energy of the chain is given by 


N 
G {ui} = G (U4, poy eos By) = 2. G (Hiss ioe Bi-ty Bi) (4.13) 


As before (page 80), the chain is assumed to be long, N > 4 and the 
end effects are neglected. It is obvious that the free energy required 
for the release of one or two units enclosed between bonded units 
must be very high, since there is actually no release in this case, 
the units remaining in the helix. The enthalpy is expended without 
any gain in entropy. It may be assumed that 


G (ui-3, 1, 0, 1) + 0, G(4, 0, 0, 1) > 00 (4.14) 


These states practically do not participate in the partition function, 
which is given by 


Z= Pat exp (—G {u,}/RT) (4.15) 
Wy 


Distracting from these states, we may limit ourselves to the considera- 
tion of only two neighbouring units and simplify expression (4.13): 


N 
G{pi}=G (vy, Be ---s By) ae G (Mi-a, Bi) (4.16) 
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Here we are dealing with only four values of G: & (0,0), G (0, 1), 


G (1, 0), and G (1, 1). We assume that the free energy of a unit 
in a free state (4; = 0) is equal to zero—the unit has melted. We 
have 


Gere = G (0,0) = G (1, 0) =0 (4.17) 
For a unit in a bound state (u; = 1) 
Gpouna = G (1, 1) = AG (4.18) 
And, finally, for the state p;.. = 0, wz, = 1 
G (0, 1) =G@rouna + Go, (4.19) 


If we assume that three rotational isomers can be formed through 
the rotation of a free unit about each of the bonds, then 


Gpr = 4RT In 3 & 10.5 kIrmole (4.20) 


These quantities are incorporated into Z as exponents: Greg gives 
the factor 1, Gioung the factor s [formula (4.9)], and G,, gives the 
factor o [formula (4.10)]. So we have (cf. page 80) 


N 
Z=)>, [J sttoti(t-"1-D = Sp (PX) = aN + al (4.21) 


{u,} i=1 


The matrix P has the following form: 


Bi ae 
Hi=1 
P= (4.22) 
0 1 os 
1 | 6 a) 
Its characteristic equation is 
(4 — A) (s — A) = os (4.23) 
The eigenvaluesyof the matrix are 
1 4 F 1/2 
Me=z (tts) [7 +s) +so] (4.24) 
With maximum cooperativity o = 0 and A, = 1, 4, = s. We have 
Z=1+5" (4.25) 
and 
N 
Ge es (4.26) 
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If there is no cooperativity, then G,, = 0 and o = 1. In such a case 
4, =1 +5, A, = 0, and we obtain formula (4.12). In intermediate 
cases, where 0 << o <1, we get formula (4.8). We introduce the 


notation s” = s. This quantity has the nieaning of the equilibrium 
constant for a unimolecular reaction which involves n units, i.e., the 
effective enthalpy change: 


AHex = nAh (4.27) 
where Ah is the enthalpy change when one unit is liberated. At 


N > 1 we may restrict ourselves to the larger root of (4.24) in expres- 
sion (4.21): 


Zax yp (4.28) 
So we have 


= 1 dalnZ oes Olnhy = A,—1 
Shane olae 24,—1—s (4.29) 


Equating this expression to expression (4.8), with s” being given by 


~ AH on —TAS on 
s*=s=exp(—-—“—*) (4.30) 
we find 
~ d—-1 
= oar (4.31) 
and 
dins _ — dins__ dins __,, dins 
ABen = — 7 (4/RT) a(4/RT) din ear sr (4.32) 
Calculation gives 
dins _ s 2 (Ay — 1) (Ay—s) +0 (1 - 8) 
Pr Ae seca | 70 a ee) a Door ee 
and in the transition region, where s ~ 1 
dins. 2s 4 
dins ~ 24—1—s ~ Wo (4.34) 
Hence, 
Ah 
A ~~ iy ad ie 
A eff Vo (4 30) 
that is, 
1 
nz Ve (4.36) 


8-0279 
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The quantity AH.¢ can be found from the slope of the curve of 0 
versus 1/RT in the transition region, where sz 


nr 


a Poe ae 
GUIRT) ~~ Gane AHett = aan AHen © — AHen (4.37) 


Optical methods enable one to determine 6 (7) and, hence, Ah// o. 
To find the values of Ah and o separately, use may be made of the 
dependence of 7,, on the degree of polymerization JN. 

It has been found experimentally that o = 2 x 10-* and the enthalpy 
change upon liberation of one unit, Ah, is about 4 kJ/mole for PBG. 
The same value of o is characteristic of PGA and poly-L-lysine. 
The value of Ahk, however, is in these two cases negative and low, 
about —0.29 kJ/mole. If Ak > 0, the helical state is less favourable 
than the coiled state and the helix-coil transition occurs with fall 
and not with rise of temperature. 

The theory of transitions brought about by a change of the solvent 
or of the pH of the medium is worked out on the same grounds. 
In the first case it is necessary to take into account that each unit 
may be not in two but in three states: in a free state, in a state bound 
by an intramolecular hydrogen bond and in a state bound by a hydro- 
gen bond with the solvent molecule. The dependence of the transi- 
tion on pH is determined by the polyelectrolyte nature of polypep- 
tides such as PGA. Each link can be in one of the four states, since 
it may be either free or bound, either charged or uncharged. For 
polyampholytes the shape of the 6 (pH) curve depends on the sequence 
of the cationic and anionic units. Theoretical calculations of the 
transitions are in agreement with experiment. 

The $-form-coil transitions are of a somewhat different nature, 
since the B-form is two dimensional. The theory of such transitions 
has been developed by Birshtein. 

Thus, the weak interactions in the model polypeptide systems 
lead to their sharply pronounced cooperative behaviour, to the oc- 
currence of transitions which are similar to phase transitions. 


4.5. The Protein Globule and Hydrophobic Interactions 

In contrast to a monotonous polyamino acid, a protein contains 
various residues, including Pro, which are not capable of forming 
hydrogen bonds. The secondary structures—a-helices and f-forms— 
are present in the protein only partially, they alternate with disor- 
dered portions, in which the protein chain possesses a considerable 
flexibility. As a result, the protein macromolecule is coiled into 
a globule and assumes a definite three-dimensional tertiary struc- 
ture. It is this structure that is biologically functional. (The fibrous 
proteins will be described in Sec. 4.9.) 
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In a number of cases, the protein has a quaternary structure— 
the protein molecule or the supermolecular protein system is com- 
posed of a certain number of globules. Examples are as follows: 
the hemoglobin molecule contains 4 globules of two species; the 
protein coat of the tobacco mosaic virus consists of 2000 identical 
globules. The protein is a multilevel system. 

The nature of the structure at each of the levels of organization 
is determined by the geometric properties of the structures of the 
preceding level, the forces of interaction of their elements and by 
the interaction with the environment. The appearance of a “higher” 
structure occurs, as it were, automatically as a result of the sedf- 
assembly of the system. We shall deal with the self-assembly of 
the globule in Sec. 4.7. 

The solution of the problems of self-assembly would mean, for 
example, the possibility of prediction of the macroscopic structure 
of the muscle on the basis of data on the chemical structure of its 
proteins. The explanation of the structure of molecular crystals 
based on the knowledge of the structure of the molecules of which 
these crystals are composed solves the problems of self-assembly 
in a much simpler case. 

We have already mentioned the difference between a polymer 
globule and a random coil (page 84). In the protein, because of 
the polyfunctionality of amino-acid residues, various forces take 
part in the formation of a globule. The diversity of the units and 
of interactions involved determines the structure of the globule— 
the “aperiodicity” of the crystal. 

The sole strong interactions in the protein globule are chemical 
disulphide linkages Cys—S—-S—Cys. The presence of several disul- 
phide “cross-links” between the units of one or more chains (say, 
insulin) imposes limitations on the possible conformations. However, 
one should not speak of the globule if these interactions were reduced: 
to disulphide bridges. In this case, the protein chain would be similar. 
to the chain in natural rubber vulcanized with sulphur. Natural 
rubber retains the properties of a random coil. The globule is formed 
by weak forces—electrostatic and van der Waals forces, hydrogen 
bonds, and, in the first place, hydrophobic interactions. 

Globular proteins function in a water environment, which deter- 
mines to a considerable extent the higher levels of their structure. 
The effect of water must be taken into account in the physics of 
the protein. 

Water affects the hydrogen bonds. The gain in free energy upon 
formation of intramolecular hydrogen bonds is, however, insignifi- 
cant as compared to hydrogen bonds with water molecules. The 
role of water in the stabilization of the globule is of a different kind. 

The hydrophobic effect is the only organizing force based on the 
repulsion of the solvent and not on the mutual attraction of the 
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elements of the system. Water repels nonpolar molecules, partic- 
ularly hydrocarbons—kerosene or an oil does not mix with water. 

In an equilibrium solution or mixture the chemical potentials 
of the components are equal. In the case of any two environments, 
a and b, for molecules of a given substance 


Uca) = Hib) (4.38) 


or 
Wlay + RT In 2X9) = Mo) + RT In xy) (4.39) 


where 2(,) and 2.) are the mole fractions of the substance in media 
a and b, which are in equilibrium; RT In zcharacterizes the entropy 
of mixing; 2° is the standard chemical potential which incorporates 
the free energy of all molecular motions of an isolated substance and 
the energy of specific interactions with surrounding molecules. 
imagine a system consisting of a nonpolar liquid, say CC],, and water. 
Carbon tetrachloride is immiscible with water and the system under- 
goes phase separation. We introduce a nonpolar substance (say, 
a hydrocarbon) into the system. This substance dissolves preferen- 
tially in a nonpolar solvent. At equilibrium, from Eq. (4.39) it 
follows for the hydrocarbon that 


Mecl, — Po = RT in’ 20 a 0 (4.40) 


since Zcc\, >> ZH,0- Indeed, for ee the differences in 
standard chemical potentials (4.40) are negative and are about 
3570 J/mole for CH, groups and 8400 J/mole for CH, groups. The 
hydrophobic effect is determined by the properties of water—hydro- 
phobic substances are indifferent towards nonpolar organic solvents. 

Molecules that contain both polar and nonpolar groups arrange 
themselves in such a fashion that the former groups contact with 
water and the latter move away from the water environment. Lang- 
muir has shown that it is in this way that the monomolecular layers 
of fatty acids are built on the water surface—the polar carboxyl] 
groups of the molecules are immersed in water, while the nonpolar 
hydrocarbon radicals project outward towards the surface. The 
same situation determines the structure of micelles in aqueous col- 
loidal solutions of soaps: the hydrophobic groups arrange themselves 
in the interior of the micelle and the hydrophilic groups are directed 
towards its surface. 

The physical nature of hydrophobic interactions is specific. The 
poor solubility of hydrocarbons in water is associated not with the 
increase in enthalpy ofithe system but with the decrease in its entropy. 
Accordingly, the solubility of a hydrocarbon in water decreases 
rather than increases upon. heating. The enthalpy decreases too, 
but in the overall balance of the free energy this effect is overlapped 
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by the entropy effect. For example, when butane, C,H,o, is dissolved 
in water at 298 K, its entropy decreases by 96.6 J/(mole-K) and 
the enthalpy by 4200 J/mole. As a result, the free energy increases by 


AG = AH — TAS = —4200 + 298-97 ~ 33,000 J/mole (4.41) 


The dissolution of the hydrocarbon in water may be interpreted 
as the incorporation of nonpolar molecules into structured (ice- 
like) regions of water and into more compact unstructured regions. 
In the first case, the nonpolar molecules arrange themselves in the 
cavities of the loose structure, forming clathrates; additional contacts 
between the molecules and water lead to a decrease in energy. In 
the second case, an increase in the number of hydrocarbon-water 
contacts brings about a decrease in the number of water-water con- 
tacts, which corresponds to a lower energy. As a result, the enthalpy 
is increased. Hydrocarbons dissolve better in structured cross-linked 
regions and the equilibrium is shifted to the side of increased struc- 
turization (the formation of “icebergs”), which means a decrease 
in entropy. This is a qualitative picture. No hydrophobic theory 
has been developed as yet, but good theoretical models are available 
at present. 

Among the amino-acid residues of a protein there are polar and 
nonpolar as well as hydrophobic and hydrophilic residues. Since 
the protein chain possesses some flexibility (due to the presence of 
disordered regions), it is capable of coiling into a globule, so that 
the hydrophobic residues are predominantly in contact with one 
another and not with water. In other words, the central region of 
the globule (its core, so to say) must be hydrophobic (“fatty”), 
and the outer surface hydrophilic (“soapy”). 

In fact, globular proteins undergo denaturation, i.e., pass into 
a disordered coil-like state, under the influence of weakly polar organ- 
ic solvents, which form hydrogen bonds less easily than water. 
The action of such solvents depends on the contacts with nonpolar 
amino-acid residues of the protein and thereby on the disturbance 
of hydrophobic interactions. The denaturing effect of alcohols on 
proteins increases with increasing size of the aliphatic radical. The 
strong denaturing action of urea is also accounted for by a weakening 
of hydrophobic interactions. 

It is exactly because hydrophobic residues are pushed into the 
globule that the water surrounding the protein does not undergo 
udditional structurization. Of course, the water molecules interact 
with polar residues on the globule surface, but this interaction 
resembles ordinary solvation. 

Fisher has given a crude estimate of the effect of hydrophobic 
residues on the shape of the globule. He classified all amino-acid 
residues into two groups: polar and hydrophilic (Arg, Asp, His, 
Glu, Lys, Ser, Tyr, Thr) and hydrophobic (the remaining 12 amino- 
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acid residues). Considering that all the residues are approximately 
of the same volume, one can arrive at the shape of the globule if 
one knows the percentage content of both types of residues. With 
the volume being specified the sphere has the smallest surface area. 
If the number of hydrophilic residues is enough to cover the surface 
of the spherical hydrophobic core, then the globule has a spherical 
shape. If this number is larger, the globule assumes the form of an 
ellipsoid. Finally, if the number of hydrophilic residues is insufficient 
and they cannot cover the core of the globule, there will remain unpro- 
tected hydrophobic regions. In this case the globules will stick to- 
gether, forming a quaternary structure. These conceptions are in 
crude agreement with experiment. 

However, the actual picture is, of course, more complicated. 
It is impossible to replace 20 types of residues, each with its indivi- 
dual properties, by only two types. One should speak in such a case 
of the degree of hydrophobicity of the residue and introduce a quant- 
itative measure for it. Tanford has suggested the free energy change, 
AG, per each side group (the radical R) of a free amino acid upon 
transfer from ethanol into water. Table 4.5 presents the relative 
values of AG determined experimentally by Tanford; the value of 
AG for Gly is taken as zero since Gly contains no side group. The 
first 10 residues may provisionally be considered to be hydrophobic 
and the second 10 hydrophilic. This classification does not coincide 
with the classification according to polarity, i.e., dipole moments. 
The strongly polar Arg is as hydrophobic as the nonpolar Ala due 
to the presence of a large hydrocarbon residue. 


Table 4.5. The Hydrophobic Nature of Amino-Acid Residues 


Residue AG, J/mole Residue AG, J/mole 
4. Trp 12,600 41. Ala 3,070 
2. Ile 12,500 12. Arg 3,070 
3. Tyr 12,100 13. Cys 2,700 
4. Phe 11,100 14. Glu 2,300 
5. Pro 40,900 15. Asp 2,270 
6. Leu 40,200 16. Thr 1,850 
7. Val 7,100 47. Ser 170 
8. Lys 6,300 418. Gly 0 
9. His 5,900 19. Asn -40 
10. Met 5,900 20. Gln - 420 


The degree of hydrophobicity of amino-acid residues provides 
information on the stabilization of the globule in a water environ- 
ment. It is, however, necessary to take into account the fact that 
hydrophobic residues may also be present on the globule surface if 
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they are adjacent to hydrophilic residues in the chain. One must 
consider the actual structure of the globule and the entire balance 
of interactions taking place in it. 

Hydrophobic interactions play a determinative role for the struc- 
ture and properties of biological membranes and membrane proteins 
(see Chapter 10). 


4.6. Relationship Between the Primary and the 
Three-Dimensional Structure of Proteins 

The building of biological molecular and supermolecular structures 
invariably involves two stages: the biosynthesis of large and small 
molecules and the self-assembly of the structure. Both these stages 
are based on molecular recognition, which is realized due to weak 
interactions. 

The problem of self-assembly is of primary importance in applica- 
tion to proteins. Biosynthesis, i.e., the formation of the primary 
structure of the protein (see Chapter 8), is coded genetically. Biolog- 
ically functional, however, is the native spatial structure 
of the protein molecule which is formed as a result of self-assembly. 
Natural selection of proteins occurs at the level of the three-dimen- 
sional—tertiary and quaternary—structures. Molecular biology and 
molecular genetics would be devoid of meaning if there were not 
un unambiguous, or degenerate, relationship between the genet- 
ically predetermined primary structure of the protein and its spatial 
structure (see Sec. 7.1). 

The existence of such a relationship is deduced directly from ex- 
periments on the renaturation of proteins (Anfinsen). In a number 
of cases it was possible to observe the recovery of the native structure 
and of the functionality of a denatured protein. Upon slow “annealing” 
of a protein coil there takes place the self-assembly of the organized 
globule. 

The protein chain may have an enormous number of conforma- 
tions. To find the unique conformation that corresponds to the abso- 
lute minimum of free energy by running over all possible conforma- 
lions is impossible. This task is evidently circumvented by nature 
too since it would require a large period of time, while the self-assem- 
bly of a protein globule takes 1 s. The main idea of all present-day 
investigations devoted to the prediction of the globular structure— 
nn aperiodic crystal—based on the knowledge of the primary struc- 
ture of the chain consists in that the native globule is the final result 
of self-assembly which does not necessarily correspond to the global 
(ubsolute) minimum of free energy. To deduce the structure of the 
native globule, one must start from a certain hierarchy of structures. 
The protein can be separated into helical or extended structural 
segments joined together by various folds or loops. Two or three 
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neighbouring structural segments in the chain form elementary 
complexes: “hairpins” consisting of antiparallel a-helices, antiparallel 
f-hairpins, and parallel B-hairpins covered by an a-helix. This gives 
rise to a domain, i.e., a compact structure built up of several neigh- 
bouring elementary complexes and structural segments. The glo- 
bules of small proteins are composed of a single domain, those of 


Amino-acid sequence 


Structural segments _ - 


| 


. Elementary 
complexes 


Globular proteins 


Fig. 4.14. The hierarchy of protein structures, 


large proteins consist of several domains. This sequence of structure 
is shown schematically in Fig. 4.14. Thus, the twisting of a protein 
is supposed to proceed by a block mechanism—simpler structures 
of a lower level in the sequence serve as building blocks for the for- 
mation of higher structures (Ptitsyn). 

Lim has proposed the stereochemical theory of the secondary 
(a- and f-) structure of globular proteins. This theory considers the 
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distribution of three types of residue over the surface of a structural 
portion, namely hydrophobic residues, residues with long polar 
xide groups and residues with short polar.groups. Only some of the 
ways of distribution of these residues over the surface of a-helices 
or of extended portions make it possible for them to be packed 
together tightly in the globule. Long hydrophilic side groups arranged 
ut the boundary of the hydrophobic region and in the interior 
or on the edges of the helix shield the hydrophobic core of the glob- 
ule against water. The fully hydrophobic portions invariably 
have either an a- or a f-form, while fully hydrophilic portions are 
disordered. It has been possible, on the basis of these considerations, 
to predict the degree of a-helicity of several proteins in satisfactory 
agreement with experiment. 

The problem of self-assembly is not, however, reduced to geometry — 
it is a problem of physical dynamics. The secondary structure can 
serve as a block in self-assembly if, first, it is formed much faster 
than the tertiary structure; second, if it exists for a sufficiently 
long time and, third, if it is sufficiently large and hydrophobic 
to be involved in a strong hydrophobic interaction. Both the a-he- 
lices and B-forms meet these requirements. For a theoretical calcula- 
tion of the secondary structure it is necessary that the parameters 
of equilibrium (the values of s; see page 110) between the various pos- 
rible structures for all the residues and an adequate mathematical 
npparatus be available. Many, but not all, molecular parameters 
can be obtained by studying helix-coil and f-form-coil transitions 
in model polyamino acids. Ptitsyn and Finkelshtein have obtained 
the values of s, and sg, for all amino-acid residues. Hydrophobic 
residues are characterized, as a rule, by the values of sg and sg > 1, 
ic., they stabilize the a- and B-forms, whereas nearly all short 
hydrophilic and all charged residues (and also Gly and Pro) destabi- 
lize the a- and B-forms. The folds and loops of the chain are enriched 
with such destabilizing residues. Thus, the structure of the a- and/or 
\-portions in the extended chain is stabilized by interactions between 
ivdrophobic groups that form a continuous hydrophobic surface. 
The distribution of hydrophobic groups that favours the formation 
of an a@- or B-portion in the extended chain simultaneously provides 
their ability to be incorporated into a compact globule. There occurs 
the stabilization by local and then by long-range interactions. 

The most probable secondary structures formed in a stretched- 
out protein chain predetermine the secondary structure of the 
globule. 

The system formed is highly cooperative, and in the corresponding 
‘alculations one can make use of the apparatus of the Ising model 
(wee pages 79 and 1414). 

The approach described above has enabled the three-dimensional 
structures of a number of proteins to be found. Figure 4.15 shows 
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a theoretical model of myoglobin. It is in good agreement with the 
structure established by the X-ray diffraction technique. 

The self-assembly of the globule is characterized by two principal 
ways: the formation of a planar f-structure (a sheet) with an a-helix 
being subsequently stuck to it and the formation of a B-hairpin 


Fig. 4.15. A theoretical model of myoglobin (a) and its actual structure (b). 


which is then folded in half. The entire self-assembly process involves 
three stages: 

4. The fowhation of a fluctuating secondary structure in an extend- 
ed protein chain which determines the type of the secondary struc- 
ture of the native protein. 

2. The initiation of the folding of the tertiary structure which 
is accomplished by an “initiating hairpin” from the neighbouring a- 
and/or B-portions of the chain. The formation of such a hairpin 
is the most unfavourable stage of the folding process. Therefore, 
there is only one “initiating hairpin” per each domain of the protein. 

3. The growth of the tertiary structure which occurs through ad- 
dition of neighbouring portions in the chain. Since the globule con- 
sists of layers formed by either a- or B-structural segments, and the 
disordered bridges between them pass along the boundaries of the 
layers, the neighbouring structural segments in the chain are anti- 
parallel. The bridges do not intersect. 

The one-centre mechanism of self-organization and the absence 
of intersections of the bridges sharply reduce the number of possible 
spatial structures. The prediction of the structure is simplified 
for purely a-helical and purely B-structural proteins. The initiation 
of an a-helix requires the consumption of free energy, but no free 
energy is needed for its growth. The formation of a single long helix 
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is therefore more favourable than the formation of several short 
ones. The longer is the helix, the more probable is the formation 
of a double-helical hairpin. In an analogous way, the formation of 
a long B-hairpin is more preferential than {hat of several short ones. 
The complex may bend or fold in chain portions situated between 


Vig. 4.16. Initiation of tertiary struc- 
ture for an a-helical protein. 


Luiz 


Vig. 4.17. Initiation of tertiary struc- 
ture for the §-form. 


the native structural segments. Figures 4.16 and 4.17 present the 
xchemes of initiation of the tertiary structure for alpha-helices 
and beta-forms, respectively. The theory just described has furnished 
good agreement with experiment for a number of proteins, notably 
for ribonuclease. The theory agrees well with the cooperative nature 
of denaturation. 

Despite the advances made in the works described above, the 
problem of the structure of the globule cannot yet be considered 
to have been solved. We have limited ourselves to the considera- 
tion of hydrophobic interactions. The electrostatic interactions be- 
tween ionogenic polar side groups and water molecules are also impor- 
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tant. If the protein contains a cofactor, this cofactor also has an 
influence on the three-dimensional structure and stability of the 
molecule. This refers, in particular, to the prosthetic heme group in 
myoglobin and other proteins. We cannot yet estimate theoretically 
the stability of the globule towards denaturation. 

As has already been said (page 119), the problem of the correspond- 
ence between the primary and the three-dimensional structure 
is directly tied up with the foundations of theoretical biology. 
As a matter of fact, two problems are involved here: the correspond- 
ence between the primary and the three-dimensional structure of 
the protein and the relationship between the three-dimensional 
structure of the protein and its biological function. 

The correspondence between the primary and the three-dimensional 
structure is not unambiguous—to one and the same three-dimen- 
sional structure of the protein there may correspond different amino- 
acid sequences. This has been demonstrated, for example, for glo- 
bins—proteins that contain heme groups, which store and transport 
oxygen. The primary structure of globins is strongly varied. But 
globins have similar three-dimensional structures—they contain 
practically the same a-helical portions and “pockets” that accom- 
modate heme groups. 

It may be thought that the biological function of a protein is 
determined by its three-dimensional structure. The extent of unam- 
biguity of this correspondence is not clear as yet; presumably, it is 
different for different proteins. Anyway, there is every ground for 
believing that changes in the primary structure of a number of 
proteins provoked by mutations may not affect the biological 
functions of these proteins. In other words, mutations at the mo- 
lecular level may prove to be neutral or nearly neutral for 
natural selection. This forms the basis for the “neutralistic” theory 
of evolution advanced by Kimura in 1968. By analysing the 
evolution of homologous proteins, Kimura came to the con- 
clusion that first, for a particular protein the rate of evolution, 
expressed by the number of amino-acid replacements per geological 
unit of time, is nearly constant and is the same for different evolu- 
tionary sequences. Second, the molecules of proteins or their constit- 
uent parts, being subject to relatively small functional constraints, 
undergo evolution faster than molecules characterized by strong 
constraints. For example, the numbers of amino-acid replacements 
per amino-acid residue for 10® years are as follows: 9.0 for fibrin- 
opeptides; 1.4 for the chains of hemoglobin; 0.3 for cytochrome c; 
0.006 for histone H4. 

Thus, molecular evolution predominantly involves neutral muta- 
tions, the random drift of genes. Natural selection operates at the 
phenotype level rather than at the level of biopolymer “molecules. 
The “neutralistic” theory met with sharp objections as contradicting 
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the modern Darwinian theory of evolution. As a matter of fact, 
no contradiction exists between “neutralism” and “selectionism”. 
The physical essence of the “neutralistic” theory consists in the am- 
higuity, degeneracy of the correspondence hetween the primary and the 
hiologically functional (three-dimensional) structure of the protein. 


4.7. The Structure and Stability of the Globule 

The following sources of information on the structure of the pro- 
tein globule are available at present: 

1. The X-ray diffraction analysis, which in an ideal case enables 
one to locate each atom in the protein molecule (see Sec. 5.1). 

2. The study of the scattering of light and X-rays (Sec. 5.2), 
which furnishes data on the shape of the globule as a whole. 

3. Optical methods, optical spectroscopy and NMR and EPR 
spectroscopy (see Secs. 5.4 through 5.10), which give information 
on the fraction of the residues present in the a-helical, cross B- and 
disordered forms, their interactions and mobility, etc. 

4. The study of deuterium exchange (the exchange of the hydrogen 
atoms of a protein in heavy water for deuterium atoms), which al- 
lows one to estimate the fraction of residues linked by hydrogen 
honds and to identify the internal and external atomic groups in the 
protein. 

5. The study of electrophoresis, which gives information on 
charges on the globule. 

6. The study of denaturation and proteolysis which yields data 
ou the stability of the globule. Here the information obtained by 
means of microcalorimeiry is especially important. 

7. The results of theoretical calculations and estimates. 

As examples of globular proteins we shall consider myoglobin 
(Mb) and hemoglobin (Hb). The structure of these proteins has been 
studied in detail by X-ray diffraction methods (Kendrew and Perutz, 
respectively). Figure 4.18 shows the structure of myoglobin. The 
myoglobin molecule, which contains the prosthetic heme group 
(marked by an arrow; compare with pages 53 and 122), is built 
up of 8 alpha-helical portions intersected by disordered portions. 
Approximately 75 percent of the total number (153) of residues 
helong to these portions, which are marked by the letters A to H 
(counting from the N-terminal end of the chain); the residues within 
cach @-helical portion are numbered from 1 to n. The interhelical, 
disordered portions are designated AB, CD, etc., and the terminal 
poone are denoted by NA and HC. In contrast to myoglobin, the 
iomoglobin molecule has a quaternary. structure: it is composed of 
four chains coiled into globules—two chains designated as a and 
two chains as f. The structure of each of the a- and f-globules is 
similar to the structure of myoglobin. 
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A detailed analysis of the structures of myoglobin and hemoglobin 
shows that the cores of their globules are really filled with tightly 
packed nonpolar side groups R of the amino-acid residues. The num- 
ber of inner residues in each of the four subunits of hemoglobin is 36. 
Many of the Gly and Ala residues, while being slightly hydrophobic, 
are arranged on the surface of the molecule. Some bulky nonpolar 
side chains, which are outside the globule, are hidden in the cavity 


Fig. 4.18. The structure of myoglobin. 


near the surface, which reduces to a minimum their contacts with 
water. All the side chains that are ionizable at neutral pH are present 
on the surface of the globule. The same is valid for other polar side 
chains, with the exception of heme-bound His and Thr C4 which 
are linked by a hydrogen bond. On the whole, of the 77 polar groups 
in myoglobin only 5 or 6 groups are inside the globule, the remaining 
ones residing on its surface. The study of the hemoglobins of various 
species of vertebrates and of sperm whale and human myoglobins has 
demonstrated that upon replacement of 33 inner residues their 
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nonpolar nature is retained. There are only 10 invariantly nonpolar 
residues on the surface of the globule. The analysis of the a-helical 
portions A, B, E, G, and H points to the periodic arrangement of the 
nonpolar residues in them. One side of the a-helix bears hydrophobic 
residues and the other predominantly hydrophilic ones. The hyd- 
rophobic side is oriented towards the core of the globule. 

All these facts confirm what has been said earlier (Secs. 4.5 and 
4.6). Hydrophobic interactions play a most important role in the 
self-assembly of the globule. The secondary structure—the a-helical 
portions (and also those portions that are in the B-form)—are also 
determined by hydrophobic interactions. 

The electrostatic salt bridges in proteins are also stabilized by 
a water environment, since their formation leads to the release of 
oriented water molecules that surround the charged groups. Thereby, 
the formation of a salt bridge is accompanied by an increase in the 
entropy of water. This gain in free energy is more considerable than 
that provided by the electrostatic attraction of charges. The effect. 
of water on the salt is, however, different from the hydrophobic 
effect—the salt bridges become stronger, whereas the hydrophobic 
interactions are weakened upon addition of nonaqueous solvents. 

The apparent density of proteins in water is higher than their 
dry density in organic solvents. This increase in density is caused 
hy the electrostriction of the bound water. The water molecules are 
bound on the globule surface and also in the interior of the globule— 
between the domains of chymotrypsin, for example, or between 
the subunits of a protein having a quaternary structure. The amount 
of bound water, into which no electrolytes can gain entrance, is 
about 0.3 g per gram of protein, i.e., approximately 100 water mole- 
cules per protein with a molecular weight of 6000. The fact that 
electrolytes cannot get into bound water is accounted for by electro- 
static effects. Let us consider a charge e immersed in a solvent of 
high dielectric constant &), which covers a layer of a substance of 
low dielectric constant e,. In this layer there arises an induced 
charge equal to 

oD Eo— €s 
eel erraars (4.42) 
Accordingly, the energy of the charge e at a distance r from the non- 
polar layer is equal to 


_ ee’ __ &—e&s ee? 
~ Qeor Bg tes €or (4.43) 


If e, = 81, ¢, ~ 5, then E = kT at r = 0.3 nm, i-e., ions cannot 
penetrate into the aqueous layer of about monomolecular thickness 
on the protein. 

One can naturally ask: How is the theory of the polymeric globule 
(see Sec. 3.5) related to the structure and properties of the reai 
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protein globule? The Lifshitz theory is the theory of homopolymers. 
It shows that there are possible phase transitions from a ran- 
dom coil ta a globule and from a globule to a random coil and 
that the globule is a condensed crystalline system. Both these 
propositions correspond to the properties of proteins. Of impor- 
tance for the three-dimensional structure of the protein is, however, 
its heteropolymeric structure, the variety of residues and their inter- 
actions. Protein chains are short as compared with those dealt 
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Fig. 4.19. The dependence of the extinction coefficient at 293 nm of a solution 
of chymottypeincgyn on temperature. The curves were recorded at different pH 
values. The lower dashed curve corresponds to the native form and the upper 
line to the denatured form. 


with in the Lifshitz theory. Therefore, the protein globule has no 
fluctuating fringe and the phase transition from a protein globule to 
a coil is a first-order transition. 

This transition occurs during the denaturation of the protein. 
Denaturation, which is the destruction of higher structural levels 
with retention of the primary structure of the chain, is caused by 
the action of acids, alkalis, and substances such as urea, by a me- 
chanical effect (ultrasound), by heating, etc. 

Figure 4.19 shows the results of a study of the thermal denatura- 
tion of chymotrypsinogen. The transition manifests itself in a change 
in the extinction coefficient at 293 nm (see page 153). The process 
is reversible and the curves are at equilibrium. Such a transition 
is typical for globular proteins. The temperature range of the 
transition is of the order of 10°C. The transition occurs in a single 
stage, like a first-order phase transition. 

Calorimetric investigations furnish information on the thermo- 
dynamics of protein denaturation. Privalov has shown that the absorp- 
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tion of heat when certain globular proteins (albumins, myoglobin, 
chymotrypsinogen, ribonuclease) are heated occurs in two steps. 
The first step is predenaturation characterized by a certain increase 
in heat capacity without a jumpwise increase in enthalpy, and the 
second step is denaturation proper involving a phase transition. 
The enthalpy and temperature of denaturation depend strongly 
on the pH of the medium, which points to a considerable role of elec- 
trostatic effects. For example, myoglobin at pH = 12.2 has a melt- 
ing point of 50°C and a value of AH equal to 300 kJ/mole of protein; 
at pH = 10.7 the melting point is 78°C and the value of AZ is 
710 kJ/mole of protein. The order of the free-energy change AG 
upon denaturation of a globular protein is 4.2-6.3 kJ/mole, that 
of AH is tens and hundreds of kJ/mole, and of AS is 700-800 
J/(mole-K). 
Let us now describe the method of determination of AG from dena- 
turation in an urea solution (Tanford). For this process we have 
—AG,=RT InK, = AT In <P (4.44) 
where [D] and [N] are the concentrations of denatured and native 
proteins. We are interested in the values of AGy,o for an aqueous 
solution. We make use of the cycle 


4GH.0 
Native protein —> Denatured protein 
in water in water 
AGy | | 4¢p 
Native protein in —> Denatured protein 
urea solution in urea solution 
Then 
5AG = AG, — AGy,o = AGp — AGy (4.45) 
The quantity SAG can be represented in the following form: 
AG = >} y,n,AG, (4.46) 
i 


where n; is the number of groups of type i in the protein; AG; is 
their contribution to the free energy of the transition; y; is the nu- 
merical parameter which depends on the extent of accessibility to 
the solvent of groups of a given type in the native conformation. 
The agreement with experiment is obtained if the values of y; for 
polar and hydrophobic groups and peptide bonds are assumed to 
be equal to 0.25, 0.75, and 0.50, respectively. The values of AG, 
are found from data on the solubility of amino acids in water and 
in a urea solution of a given concentration. 

Let c* be the concentration of urea at which [D] = [N], i-e., 
the point of half-denaturation. Then, according to Eq. (4.44), AG,"=0 


W-0279 
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and 
AGu,0 = — (8AG),« = — 3) yim: (AG), (4.47) 


This is a convenient method of determining the conformational sta- 
bility of the protein. 

The free energy of denaturation must be the sum of many contri- 
butions. We can write 


AG = AG, + AGu + AGpp + AG, + AG, + AG, +... (4.48) 


where AG, is determined by a-helix-coil transitions, AGy by the 
breaking of hydrogen bonds between the protein chains of neigh- 
bouring macromolecules, AG,» (the subscript np stands for non- 
polar) by a change in hydrophobic interactions, AG, by a change 
in electrostatic interactions, AG, by the swelling of the coil formed, 
and AG, by the breaking of weak bonds between portions of the 
secondary structure. We have 


AG, = (N — 4) AH, — (N — 1) TAS, (4.49) 


where WN is the number of units in the a-helix; AH, and AS, are 
the enthalpy and entropy changes per chain link with N >> 1 during 
a helix-coil transition. A chain consisting of N links has, in an o-he- 
lical form, N — 4 hydrogen bonds, which restrict the mobility of 
N — 1 links. According to the estimates available in the literature, 
AH, = 6.3 kJ/mole and AS, = 17.6 J/(mole-K). If only AG, 
and AG, are taken into account, the transition temperature can be 
found from the condition AG = AG, + AG, = 0, i.e., 


_ (N—4) AHa+AH, 
Pm =(N—1 ASa HAS (4.50) 


Here the value of AH, may be neglected. The quantity AS, is pro- 
portional to N—the longer the chain, the larger is the number of 
cross-links. The estimation of AG,» gives 2.1 kJ/mole and the values 
of AGy and AG, are of the same order. A rigorous theoretical evalua- 
tion of all the contributions to AG is difficult. 
The fraction of denatured material can be given by the following 
formula: 
exp (— AG/RT) 
7 TF exp (—AG/RT) sol) 


At the transition point AG = 0 and x = 0.5. The sharpness of the 
transition is characterized by the derivative 


(SF) r= ar (4.52) 


The experimental and theoretical study of the denaturation of 
proteins provides information, on the one hand, about the degree 
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of stability of native protein (the free-energy change) and, on the 
other, about the cooperativity of interactions which determines the 
sharpness of the transition. Of course, the investigation of denatura- 
tion does not elucidate the organization of the protein globule. 
Denaturation means the destruction of this aperiodic crystal. None- 
theless, as a result of such destruction, we obtain averaged informa- 
tion on the stability of the internal bonds and on the electronic- 
conformational interactions (see Sec. 6.5). 

Nasonov and Aleksandrov (1940) presumed that the functioning 
of proteins is associated with their “partial denaturation”. Later, 
Aleksandrov established correlations between the temperature of 
the body and the temperature of the denaturation of its proteins. 
This is illustrated, for example, by Table 4.6, which compares the 
respective characteristics of two related species of frogs—the more 
Northern brown frog (Rana temporaria L.) and the more Southern 
lake frog (Rana ridibunda Palil.). 


Table 4.6. The Thermophilicity of Frogs (according to Aleksandrov) 


Characteristic Common frog Lake frog 


The boundary of the area of distribution: 


Northern 70° North 60° North 
Southern 43° North 40° North 
Upper 3048 m 2438 m 
The body temperature in nature (°C) 6.0-26 11.0-29.5 
The temperature chosen (°C) 13-26 18-28 
Loss of reflex excitability of the organism at 
temperature, °C 30-32 35-36 
Loss of the mobility of spermatozoa 39.2 41.4 
Loss of the ability to develop ovum 36.6 38.5 
Complete inactivation of ATPase activity of 
muscle homogenates 40-42 46-50 
Hemoglobin, 50-percent denaturation 60 64 
Tendon collagen, 50-percent contraction 51.5 57.6 
Skin tropocollagen, 50-percent denaturation 25.5 32.0 
Serum albumin, start of coagulation 68.0 75.0 


The temperature of protein denaturation by far exceeds the body 
temperature. Aleksandrov explained this correlation by the fact 
that the functioning of the protein requires a certain level of mobility, 
internal flexibility of the globular or fibrous protein molecule (for 
the importance of this mobility to enzymic catalysis, see Chapter 6). 
The lower the body temperature, the weaker must be the intramolec- 
ular interactions responsible for the rigidity of the molecule and 
the lower must be the temperature of denaturation. It is possible 
that here an especially important role is played by interactions taking 
place in the globule. Probably, electrostatic interactions (salt bridges) 


g* 
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are also of importance. A remarkable example is provided by the 
properties of a small protein, ferredoxin, which contains about 60 ami- 
no-acid residues and two Fe,S, clusters. Ferredoxin from the bacte- 
rium Clostridium pasteurianum is completely inactivated when heat- 
ed up to 70°C for two hours; ferredoxin from C. acidiurici retains 
upon such heating 20 percent of activity, and those from C. tartar- 
ivorum and C. thermosaccharolyticum retain 50 and 90 percent of 
activity, respectively. It has been found that the increased heat 
stability of a protein from thermophilic organisms is due to the extra 
salt bridges. One such bridge can raise the free energy of stabiliza- 
tion up to 12-16 kJ/mole. 

Well correlated with denaturation is proteolysis, i.e., the hydro- 
lytic scission of a protein:with the aid of proteolytic enzymes (Lin- 
derstrom-Lang). The higher the thermal stability of the protein, 
the more difficultly it breaks down. This is important, in particular, 
for frogs—proteolysis of collagen with collagenase occurs when the 
tadpole loses its tail. 

The denaturation of a protein by an acid or a base is directly as- 
sociated with electrostatic interactions. The free energy of a poly- 
electrolyte coiled into a globule is proportional to the square of its 
surface charge, since the stability of the protein decreases on both 
sides of the isoelectric point (page 32). Besides, the titration with an 
acid or a base can ionize the internal groups, which enhances the 
attraction of the hydrate shell and shifts the equilibrium to the side 
of a coil. 


4.8. Antibodies and Antigens 

The protection of an organism from foreign biopolymers and, 
thereby, from infectious microorganisms, is accomplished through 
cellular and humoral immunity (see Sec. 17.9). In the second case, 
immunity is determined by the interactions of antibodies—specific 
proteins produced by lymph cells—with foreign biopolymers, which 
are called antigens in this case. The immune response, i.e., the ap- 
pearance of antigens in the organism, is the result of recognition of 
antigens by certain populations of lymphocytes. The process occurs 
at the level of the organism and involves various cellular recogniz- 
ing systems, which are in the process of “learning” since they become 
capable of remembering the antigen introduced for the first time 
and can respond to its repeated injection by an enhanced production 
of antibodies. 

Antibodies belong to a class of serum proteins known as immuno- 
globulins. A human being has five principal classes of immunoglob- 
ulins denoted as IgG, IgM, IgA, IgD, and IgE. The immunoglobu- 
lins IgG function as an antibody. Their molecular weights are about 
450,000 and the sedimentation coefficient is 7 S. The immunoglobu- 
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lins IgM are the pentamers of IgG. The structure of many IgG 
has been studied. Figure 4.20 shows schematically the structure of 
rabbit IgG antibodies. The molecule consists of two heavy chains 
with a molecular weight of 53,500 +°4000 (about 450 residues) 
designated as y and two light chains with a molecular weight of 
23,800 + 1000 (about 220 residues) designated as x or A. The chains 
are joined by disulphide bridges. 
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Fig. 4.20. Schematic representation of the structure of the antibody IgG. 


Fig. 4.21. Schematic of the 
domain structure of IgG accord- 
ing to Edelman. 


Antibodies to the various antigens have similar structures, despite 
the differences in the primary structure localized in the variable 
region (V-region) of the molecule which lies in the vicinity of the 
N-terminal ends of the light and heavy chains. Presumably, antibo- 
dies have a domain structure consisting of several interlinked glob- 
ules (Fig. 4.21). The variable regions are responsible for antibody- 
antigen interactions, since the antibody specificity is controlled by 
the specific features of the primary structure. The active centre of 
antibodies contains a variable region. There are two such centres 
in each antibody molecule. 

Antigens are primarily proteins and polysaccharides. Landsteiner 
(1919) worked out a method for synthesis of artificial antigens which 
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is based on the combination of diazotized aromatic compounds with 
the Tyr of the protein: 


| 
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+R 4 __-N=N 
Thus, any radical R can be introduced into the protein. The R-phe- 
nylazo protein can be used as an antigen for stimulating the gener- 
ation of respective antibodies. 

It has been established that the factor that determines antigenic 
specificity is just the radical R, and the protein plays a secondary 
role. The antibody produced in response to R-P (P:stands for a pro- 
tein) reacts with R-P’ (P’ stands for another protein) but not with R’-P. 
The antigen R-P produces with a respective antibody a difficult- 
ly soluble precipitate. If we add to the R-antigen-R-antibody system 
small molecules containing the same group R, the antigen-antibody 
reaction is retarded, and when the concentration is further increased, 
the reaction ceases to proceed. Small molecules do not generate anti- 
bodies in the organism and are not antigens. They interact, however, 
with the earlier generated antibodies, forming soluble compounds. 
This is the so-called hapten action, and the small molecules mentioned 
are known as haptens or determinant groups. Haptens compete 
with antigens, interacting with the same active regions of anti- 
bodies. The reaction between antibody and hapten or antigen takes 
place through weak interactions but it obeys the mass action law. 
Natural antigens are multivalent, i.e., they contain several determi- 
nant groups (haptens). The three-dimensional structure of the 
determinant group is essential for immunological processes. 

The presence of reactive groups (active centres or sites) in anti- 
bodies is proved by the elegant experiments carried out by Pressman 
and Sternberg (1951). A rabbit was immunized by artificial synthetic 
antigens that contained the p-azobenzoic acid residue 


HOOC —< y= N = N—Protein 


or the p-azophenylarsenic acid residue 


H,0,;As ~~ S— N=N—Protein 
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as determinant groups. The resulting antigens were subjected to 
iodination, as a result of which their immunological activity was 
completely suppressed. However, when iodination was carried out 
in the presence of haptens, the activity was retained. Evidently, 
the introduction of iodine into the active region of antigen abolishes 
its activity, and the hapten protects this region against the iodine. 
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iodination of antibodies. 


What has been said is depicted in Fig. 4.22. There is a structural 
correspondence between the active region of antibody, on the one 
hand, and the hapten or determinant group of antigen, on the other. 

The structure of a complex of antigen with the corresponding bifunc- 
tional dinitrophenyl hapten (DNP) has been studied by means of 
electron microscopy. 
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Figure 4.23 shows an electron microphotograph of the antibody-DNP 
complex and Fig. 4.24 is its schematic interpretation. Divalent 


Fig. 4.23. Electron micrographs of an antigen-antibody complex (a) and of the 
same complex treated with pepsin (b). — 


antibodies, interacting with divalent DNP molecules, form ternary 
cycles. The projections at the corners of the triangles are portions 
of antibodies that do not contain variable regions. When antibody 
is preliminarily treated with 
pepsin, these portions are split 
off (Fig. 4.230). 

The equilibrium constants for 
the antibody-antigen reaction or 
antibody-hapten reaction are 
determined by carrying out exper- 
iments in vitro: 


_{AB]—[H] _ AH—TAS 
K= TABI] =exp(— RT -) 
(4.53) 


eae stands for antibody 
Ty ey ach ener erenne a and or hapten. The depen- 
aan atl Seanuleds Peaster: thine dence of K on 4/T gives the 
“dumbbell” is the dinitrophenyl mol- values of AH and AS. The en- 
ecule. thalpy changes are of the order 
—SSSSSSSSSS—COFeFssSSSSSSSSS—C—C# (10 kJ/mole (week interactions); 
the changes AS are, as a. rule, 
positive, which may be accounted for by the liberation of hydrating 
water molecules during the formation of complexes. 
The investigations of the dependence of the equilibrium constants 
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on the structure of the hapten or of the corresponding determinant 
group of antigen have been carried out by Pauling and Pressman 
(1944-1957). In particular, there were obtained antibodies to the 
ions of ortho-, meta-, and para-azobenzene arsonate. Antibodies to 
cach of these groups function as if they were structurally complemen- 
tary with the van der Waals surface of the determinant group. The 
dependence of the interaction on the structure is strongly pronounced. 
For example, the antibody to ortho-azobenzene arsonate binds well 
other ortho-substituents (with the radicals OH, NO,, Cl, CHs, 
NH, instead of AsO,H~-), less strongly meta-substituents and most 
weakly para-substituents. Very important is the relative arrange- 
ment of parts of the hapten. For antibodies against para- —N=N— 
(,H,—AsO,H~-, the relative constants for binding the haptens 
OAsO3;H-, H,CAsO,H-, H,Cs,AsO,H-, and H,C,CH,AsO,H~- are, 
respectively, 0, 0, 1, 0. The removal of the benzene ring (which 
is needed for binding) from the arsonate by one CH, group destroys 
the binding. The binding depends strongly on the nature of the 
charged group. For example, the same antibodies strongly bind 
(,H,AsO;H- andC,H,PO;H-, but they do not bind CgH;SO;,C,;H;CO; 
and CgsH;SbO;H;7. The ionic size is also important. 

These and other data point to complementarity, the structural 
fit between the active site of antibody and the determinant group 
of antigen or hapten. The study of the interaction of antibody to 
poly-L-alanine with alanine oligopeptides has allowed the sizes 
of the active site of the antibody to be determined: 2.5 x 1.1 x 
x 0.2 nm’. Antibodies are globular proteins. Upon denaturation 
of antibodies their ability to bind specifically antigens or haptens 
disappears. In some cases it is possible to accomplish the renatu- 
ration of antibodies with their activity being recovered. The presence 
of hapten favours renaturation. 

Molecules of antibodies exhibit some flexibility, i.e., the ability 
to undergo conformational changes. The polarized luminescence 
of complexes of IgG with luminescent dyes has enabled the times 
of rotational relaxation t to be determined; they proved to be of 
the order of 50 ns (see Sec. 5.5). These values correspond to the Brow- 
nian rotational motion not of the entire protein molecule but of 
its small portions, i.e., are indicative of the flexibility of the protein 
molecule. Presumably, the domains exhibit mobility. The inter- 
action of hapten with antibody leads to a noticeable increase in 1, 
which is an indication of the change of the antibody conformation. 
It has been found that the conformation of antigens is also changed 
when an antibody-antigen complex is formed. The data of optical 
measurements are confirmed by investigations of EPR spectra of 
nntibodies that contain paramagnetic labels. 
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4.9. Fibrous Proteins 

In concluding this chapter we shall dwell on the structure and 
properties of fibrous proteins—structural and contractile proteins. 
The former play the role of supporting and protective components 
and are found in tendons, cartilage, bone, ligament, etc. (collagens), 
and also in skin, hair, wool, horn, etc. (keratins). The contractilo 
proteins are the working substances of contraction systems, in 
particular, of muscles (myosin). 

In contrast to the majority of globular proteins, fibrous (or fibril- 
lar) proteins function not in solution but form supermolecular tis- 
sue systems. 

If a connective tissue is extracted by cold solutions of neutral 
salts at the physiological value of ionic strength, then a part of col- 
lagen will be dissolved. The other part, called procollagen, dissolves 
in citric or acetic acid at pH = 3.8. 

Collagen fibres (fibrils) are produced upon aggregation of procol- 
lagen chains. These fibrils play the role of centres of crystallization 
during osteogenesis (the growth of bones). 

Collagenic fibres are insoluble in water, but on prolonged heating 
with water collagen is converted into soluble gelatin as a result 
of the degradation of the long protein chains. 

The amino-acid composition of collagen is specific. The 33 percent 
of all the amino acid residues are Gly, 12 percent are Pro, and 10 per- 
cent are the noncommon residue hydroryproline (Hyp). This residue 
and also hydroxylysine (Hyl), whose content ranges from 0.3 to 
1.2 percent, is found mainly in collagens. Collagen contains also 
up to 10 percent of Ala and considerably lower amounts of other 
amino acids, the contents of Tyr, His, Cys, Met, Val, and Phe 
being especially low, less than 1 percent each. Thus, up to two-thirds 
of the residues are Gly, Pro, Hyp, and Ala. The amino-acid sequence 
in the collagen chain may be depicted as follows: (Gly-X-X),, 
where X is any residue. The following sequences are most frequently 
encountered: Gly-Pro-Hyp, Gly-Pro-Ala, and Gly-Ala-Hyp. 

The structure of collagen has been established in the X-ray diffrac- 
tion studies carried out by Ramachandran, Rich, and Crick. The 
collagen molecule in solution, called tropocollagen, is built up in 
the form of a triple helix with a molecular weight of about 360,000, 
each of the three chains containing about 1000 amino-acid residues. 
The length of the molecule is 290 nm and its diameter 1.5 nm. 

A theoretical calculation of the structure of tropocollagen is 
based on the minimization of conformational energy and takes 
account of the stabilizing role of water (Tumanian). This calcula- 
tion leads to results which are in agreement with experiment. Trop- 
ocollagen experiences a thermal transition—denaturation—in solu- 
tion. Depending on the species of vertebrates, the temperature of 
denaturation, 74, varies from 20 to 40°C; the enthalpy of denatura- 
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tion ranges from 3150 to 6300 J/mole and the entropy from 10.9 
to 21 J/(mole- K) (calorimetric data). The values of 7,4, AH, and 
AS increase with increasing content of amino-acid residues Pro, 
ITyp); which do not form intramolecular hydrogen bonds C=O - 

- H—N. Presumably, tropocollagen is really stabilized by neigh- 
liguwing water molecules, which form hydrogen bonds with the imine 
nitrogen atoms: N ---- H—O. The removal of water leads to the 
destruction of the structure of collagen, which is regained up on 
further addition of water. 

The problem of the relationship between the properties of colla- 
gen and its structure cannot yet be considered to have been solved 
completely. Work in this field is necessary—collagen is one of the 
most important proteins and, having a simple composition and 
structure, it serves as a valuable model for the study of all proteins. 

Let us turn to keratin. The macroscopic properties of hair, wool, 
otc., point to its high stability and insolubility. These properties 
are determined mainly by a large number of disulphide cross-links 
between polypeptide chains. The keratin of human hair and wool 
keratin contain 11-12 percent of cystine residues, i.e., 3 percent 
of sulphur. 

The length of keratin fibres is essentially dependent on the content 
of water in them (the hair hygrometer is based on this fact). These 
fibres are elastic and extensible. The pioneering works devoted to 
the X-ray diffraction studies of proteins were those of Astbury, 
who studied the structure of wool keratin (1943). Keratin in its 
natural unstretched state is characterized by a periodicity or repeat 
unit of 0.54 nm (a-keratin); on stretching, it is converted into 
what is known as $-keratin with a repeating spacing along the fibre 
axis of 0.33 nm and with 0.47 and 0.97 nm spacings at right angles 
to this axis. Astbury maintained that o-keratin exhibits regular 
folds of chains, which straighten out on stretching. Later, it was 
shown that a-keratin is composed, to a significant extent, of a- 
helices, and f-keratin has a canonical B-form. 

Keratin is a complex protein. When the disulphide linkages are 
ruptured, which occurs on oxidation or reduction, there is produced 
n soluble substance, from which two fractions can be isolated, one 
rich and the other impoverished in sulphur. The former consists 
of fibrous and the latter of globular molecules. Probably, globular 
molecules serve as cross-links in keratin fibres. The structural unit 
of the fibre is a cylindrical microfibril having a diameter of about 
7.5 nm and made up of proteins with a low content of sulphur. 
"igure 4.25 shows a hypothetical model of the fibre of a-keratin. 
‘The regularly arranged portions are a-helices which are twisted 
in pairs. The protein is heterogeneous and is composed of two main 
components in the ratio of 2: 1. The individual molecules may be 
urranged either sequentially (Fig. 4.255 and c) or in parallel to 
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each other (Fig. 4.25d). Experiment gives large repeating spacings 
along the fibre axis equal to 20 nm, which is in harmony with the 
models shown in Fig. 4.25¢ and d but not with those of Fig. 4.25b. 

The microfibril as a whole is made up of 11 such protofibrils— 
double (and, maybe, also triple) helices; two of these occupy the 
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Fig. 4.25. A hypothetic schematic representation of the molecular organization 
of a-keratin: 


(a) The individual molecules of the two main components (black and hatched; the latter are 
proteins with a low sulphur content); (b), (c), and (d)—protofibrils; (e)—microfibril. 


position in the centre of the microfibril and nine at the periphery 
(Fig. 4.25e). The 9 : 2 ratio is characteristic of a number of biolog- 
ical fibrillar structures (see Sec. 12.6). 

The microfibril has a homogeneous structure. The lengths of hel- 
ical portions that form protofibrils are nearly equal for different 
species, but the composition of nonhelical portions varies signific- 
antly. The differences in the keratins of the vertebrates are deter- 
mined by the way in which the microfibrils are packed and by the com- 
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position of the sulphur-rich globular component. B-Keratin has been 
studied to a much lesser extent. 

Mention should be made here of another fibrous protein—silk 
fibroin. It consists predominantly of Gly {more than 40 percent) 
and also Ala, Ser, and Tyr. The amino acids cystine and methonine 
are absent,the remaining amino acids being present in small amounts. 
The X-ray diffraction patterns of silk fibroin are similar to those of 
f-keratin, the main conformation being the B-form. The silk of 
Bombyx mori is made up of the polypeptide (Gly-Ala),, and the 
silk of Lyssax is composed of polyalanine. 

Contractile proteins will be discussed in Chapter 12. 


Chapter 5 Methods of Investigation of 
the Structure of Biopolymers 


5.1. X-Ray Diffraction Analysis 
Before we proceed further with proteins we shall consider the methods 
of investigation of the structure of biopolymers. 

Natural sciences make use of two principal methods for the study 
of the structure of atoms and molecules. These methods are chemistry 
and optics in the wide sense of the word, i.e., the study of the inter- 
action of a substance with light over the entire range of wavelengths— 
from X-rays to radio waves. Chemistry discloses the primary struc- 
ture of biopolymers, the structure of the functional centres of protein 
globules, etc. Chemistry as such cannot, however, establish the spa- 
tial three-dimensional structure of proteins or nucleic acids. 

X-ray diffraction gives direct information on the arrangement 
of atoms in molecules and crystals. X-rays, i.e., electromagnetic 
radiation with a wavelength of the order of 0.4 nm, are scattered 
by the electron shells of atoms. The interference of waves scattered 
by a substance produces a diffraction pattern. If X-rays are scattered 
by a crystal, the diffraction may be regarded as the reflection of 
X-rays from the planes of the crystal lattice (Fig. 5.1). The diffrac- 
tion of X-rays is observed if the scattered waves are in phase, i.e., 
the difference in distance travelled by rays is equal to an integer 
n of wavelengths. If the distance between the reflecting crystallino 
planes is d (the interplanar spacing), the condition for diffraction 
(reflection) is given by the Bragg equation 


n\ = 2d sin 9 (5.1) 


where A is the wavelength and @ is the angle between the direction 
of the incident light ray and the crystalline plane. The derivation 
of the equation is clear from Fig. 5.1. 

Diffraction is determined by the fact that the interatomic distance 
din the lattice (0.1-0.4 nm) is of the same order of magnitude as tho 
wavelength (use is often made of the K, radiation of Cu with A = 
= 0.154 nm). The main idea of X-ray diffraction analysis consists 
in determining the spacing d on the basis of a diffraction pattern 
obtained for rays of known wavelength. Detailed information on tho 
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slrueture of a substance can be obtained only through the investiga- 
tion of crystals, in which the atoms are arranged in a regular periodic 
manner. Here, of course, the elementary formula (5.1) is insuffi- 
cient. The crystal lattice is characterized aot by one but by three 


Vig. 5.4. X-ray diffraction. 
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Vig. 5.2. Sections of the reflecting planes in the orthogonal crystal lattice. 


periods and in a crystal there is a set of crystal planes, from which 
\-rays are reflected. These planes can be characterized by discrete 
integers—Miller indices; the interplanar spacings d are different 
for different indices. Figure 5.2 shows the intersections of different 
reflecting planes in the orthogonal crystal lattice. Accordingly, 
onan X-ray diffraction pattern (a Laue pattern) produced by means 
uf monochromatic radiation there is observed a series of diffraction 
maxima. Their number is especially large for crystals of proteins, 
which is accounted for by relatively large periods of the crystal 
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lattice. Figure 5.3 shows the X-ray diffraction pattern of sperm 
whale myoglobin. An X-ray diffraction pattern is usually recorded 
on photographic film, but ionization methods of recording are much 
more,accurate and sensitive. 

Diffraction maxima are of various intensities. Analysis of diffrac- 
tion patterns enables one to derive the electron-density distribution 
in a crystal. The electron density is expressed through so-called struc- 
ture amplitudes, which depend on the number of electrons in the 

atom and on the direction of 
scattering. Structure amplitudes 
are complex quantities charac- 
_ terized by moduli and phases. 
Without knowing the phases it 
. is impossible to establish the 
structure of the material. The 
method of determination of 
phases worked out by Perutz for 
proteins consists in that to mole- 
cules that make up a crystal 
there are added heavy atoms, say 
mercury atoms. A heavy atom, 
which has many electrons and 
which strongly scatters X-rays, 
brings about appreciable changes 
in the intensity of diffraction 
spots. The phase can be deter- 
Fig. 5.3. The X-ray pattern of the mined from the difference in 
sperm whale myoglobin. amplitudes in the presence and 
in the absence of a heavy atom. 
The use of protein derivatives 
containing several heavy atoms allows one to solve the phase 
problem unambiguously. In the heavy-atom method it is neces- 
sary that the structure of the protein crystal remain intact upon 
introduction of a heavy atom. The Perutz method is the method 
of isomorphous replacements—the mercury derivatives of a protein 
are crystallized isomorphously with the unsubstituted protein. 

The electron-density distribution p (x, y, z) found from measured 
intensities is depicted by electron-density maps on which the 
lines connect points with equal values of p. Because of the smallness 
of the structure factor, the hydrogen atoms are not directly seen 
on electron-density maps. Their position can be found from the 
curvatures of contours of equal electron density. 

The three-dimensional distribution of electron density can be 
made visible, for example, by superimposing contour maps plotted 
on transparent plastic sheets. The corresponding pattern for myoglo- 
bin is shown in Fig. 5.4. The final result of the investigation is the 
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three-dimensional model of the protein molecule, in which the posi- 
tions of all the atoms are located (see pages 126 and 201). 

Before the forties of this century the X-ray diffraction patterns of 
relatively simple low-molecular-weight cempounds confirmed their 
structure established by chemical methods and provided quantitative 
information on interatomic distances. In 1944 Dorothy Crowfoot 
Ilodgkin deciphered the structure of penicillin which could not be 
determined by chemists. A molecule of penicillin contains 23 atoms 


Fig. 5.4. The spatial distribution of electron density in myoglobin. 


other than hydrogen atoms. Further, Hodgkin established the 
structure of vitamin B-12, having determined the coordinates of as 
many as 93 atoms. Later, the X-ray diffraction technique was employed 
in investigations of proteins, the most complex molecules. The 
founder of this trend in molecular biophysics was J.D. Bernal. 
The greatest achievements in the study of biopolymers are due to 
the Cambridge research school (Bragg, Kendrew, Perutz). In 1957 
John C. Kendrew solved the spatial structure of the first of the 
proteins analyzed—myoglobin (page 126), having located the positions 
of its 2500 atoms. 

Protein crystals required for X-ray diffraction analysis are very 
difficult to grow. They are molecular lattices with globular macro- 
molecules residing in their points. It has been found that the denatur- 
ation of these molecules (globule-coil transitions) may precede the 
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melting of the crystal (Esipova and Makarov). Protein crystals 
contain a large amount of water and they are studied in a mother 
liquor. Bernal and Hodgkin were the first to use this method; they 
obtained tens of thousands of clear-cut reflections on X-ray diffrac- 
tion patterns. Their number may even amount to hundreds of thou- 
sands. The interpretation of such complicated X-ray diffraction 
patterns is a very difficult and time-consuming task that can be 
undertaken only by using electronic computers. For an accurate 
determination of a phase corresponding to each reflection it is neces- 
sary to measure its intensity several times upon diffraction of a pure 
protein and of its derivatives containing heavy atoms. The calcu- 
lations involve tens of millions of numbers. 

At present, high-resolution X-ray diffraction (up to 0.25 and 
even 0.20 nm and for Mb up to 0.14 nm) has been carried out for 
about 150 globular proteins. Mention should be made here, for 
example, of the interpretation of the structure of pepsin, leghemoglo- 
bin, aspartate aminotransferase (Andreeva, Vainshtein, and Borisov). 
A number of enzymes have been studied; the structure of complexes 
formed by enzymes with inhibitors and with analogues of substrates 
has also been elucidated in some cases (see Chapter 6). 

The fundamental problem that faces the X-ray diffraction of 
proteins is as follows: Does the structure of a protein molecule in a 
crystal coincide with its biologically functional structure in aqueous 
solution? 

If the protein globule had been a strongly fluctuating entity rather 
than an aperiodic crystal, one would have thought that crystalliza- 
tion means the selection of one or more conformations out of their 
large number in solution. But the globule has a fixed structure. Crys- 
talline proteins, as has already been said, contain a large amount 
of water, and they are studied in mother liquor. The results of the 
X-ray diffraction studies of a protein crystal are, as a rule, in agree- 
ment with the data of optical measurements of the same protein in 
solution. In particular, the degrees of helicity determined by both 
methods coincide. Moreover, it has been found that the enzymic 
activity of a number of proteins is retained in a strongly aqueous 
crystal. On the whole, the answer to this question is positive (see 
the next section). On the contrary, proteins that are subjected to 
lyophilic drying change their structure—the X-ray diffraction pat- 
terns of dried protein crystals are highly impoverished in reflections. 

An especially accurate and delicate procedure has recently been 
used to study the temperature dependence of the diffraction of X-rays 
by crystalline proteins (metmyoglobin, myoglobin, lysozyme) and 
to determine the mobility of the amino-acid residues. This is impor- 
tant for the physics of enzymes (see Sec. 6.4). 

The X-ray diffraction patterns of fibrous biopolymers (collagen, 
DNA) that form systems which are periodic in one dimension are 
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characterized by some specific features. Figure 5.5 shows the X-ray 
diffraction pattern of the sodium salt of DNA in the so-called A-form 
(see page 239). A fibrous system is characterized by the extension of 
diffraction spots into so-called layer lines and their predominant 
disposition near the meridian or equator of the diffraction pattern. 
The observed picture is the so-called azial texture of a unidimensional- 
ly ordered system in which some axes of the molecule are nearly 
parallel to one chosen direction and the other axes are oriented ran- 
domly. The texture has one axis of symmetry of infinite order. 


Nig. 5.5. The X-ray pattern of the Fig. 5.6. The Debye photograph of 
Na-salt of DNA in a crystalline collagen. 
A-form. 


A number of biopolymers, say DNA, characteristically have a 
helical structure. In this case, the diffraction pattern of the texture 
shows a predominant location of diffraction spots along two straight 
lines, which form an oblique (Andrew) cross (Fig. 5.5). One should 
not think, however, that a simple observation of an X-ray diffraction 
pattern and the presence of an oblique cross are sufficient for the 
interpretation of the helical-structure. The object under study is ar 
aggregate of chain molecules which is much less ordered than a three- 
dimensional crystal. Accordingly, the diffraction pattern is impov- 
erished in reflections. A number of techniques have been developed 
for the interpretation of diffraction patterns. For example, the trial- 
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and-error method is employed: a trial model of the system is con- 
structed on the basis of structural-physical concepts and analysis of 
atomic models, and the distribution of the reflection intensities is 
calculated. If this distribution coincides with the observed distri- 
bution, this proves the correctness of the model. Further, it is pos- 
sible to calculate the phases and derive the electron-density distribu- 
tion of the biopolymer. It is by means of this procedure that the 
famous double helix of DNA was established (see Sec. 7.2). 

Aggregates of chain molecules exist in various degrees of order- 
liness, from a true crystal to an amorphous polymer, in which the 
chains are disordered. A rigorous theory allows one to judge, from 
the diffraction pattern, about the disturbances of order caused by 
displacements, bends, and departures from the parallel packing of 
macromolecular chains. In a number of cases, polymer structures 
form paracrystals—systems which have no true three-dimensional 
order but which are composed of chain molecules displaced and 
turned parallel to each other. A number of fibrous proteins (keratin, 
collagen), cellulose and some other fibrous substances characteristi- 
eally exhibit disturbances of order with molecular axes remaining 
nearly parallel to each other. 

Synthetic amorphous polymers (say, natural rubber) give, like 
liquids, diffraction patterns in the form of a series of concentric 
rings (Debye-Scherrer diagrams, Fig. 5.6). Such a pattern, which is 
much poorer than the Laue diagram of a crystal, typically shows the 
presence of a diffuse ring, an amorphous halo, whose diameter is 
determined by predominant distances between the scattering centres. 
The extension of an amorphous polymer gives rise to a texture and, 
instead of rings of uniform intensity, there are observed, as we see, 
more or less extended arcs near the meridian or equator of the ring. 
Similar patterns are shown by fibrous proteins and also by super- 
molecular structures of the type of muscle fibres. 


5.2. Diffuse Scattering of X-Rays by Solutions of Biopolymers 

The diffuse scattering of X-rays by solutions of macromolecules 
yields direct information on the distribution of scattering objects. 
Diffuse scattering is the total scattering by randomly arranged 
individual macromolecules, for which reason the scattered light 
intensities are averaged over all possible orientations of the macro- 
molecule. The larger the scattering angles, the smaller are the sizes 
of structural details on which X-rays are diffracted. Small-angle 
scattering is used to study the gross structure of macromolecules 
in solution; the specific features of their internal structure are studied 
at medium and large scattering angles. 

The theory of small-angle diffraction is based on conceptions 
similar to those employed in the theory of light scattering by solu- 
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tions of macromolecules (see page 89). The theory enables one to 
relate the scattering intensity observed at the various angles, i.e., 
the scattering indicatrix, to the distances between scattering par- 
ticles. In order to determine the shape of the macromolecule, one has 
to make use of some assumptions—the macromolecule is considered 
to have the shape of a sphere, ellipsoid or extended cylinder. For 
these and also for other simple bodies one calculates the scattering 
indicatrix as a function of the geometric parameters of the macro- 
molecule. For example, for a sphere one calculates the electronic 


logIx (26 ) 


Fig. 5.7. Theoretical scattering 
indicatrices for various models 
of immunoglobin (1-4) and = _ — 
experimental points (5). 2x10 * 4x10 * 6x10 (26)? 


radius of gyration (since X-rays are scattered by electrons). For 
inyoglobin the radius of gyration has been found to be equal to 
1.6 nm, which is in agreement with the dimensions determined by 
the X-ray structure analysis of crystalline myoglobin. If the scatter- 
ing system is stretched, the electronic radius of gyration of its 
cross-section is determined. Scattering indicatrices have been used 
for the determination of the size, shape, and molecular weights of 
au number of biopolymers. For example, lysozyme is represented by 
an equivalent ellipsoid of rotation with dimensions of 2.8 x 2.8 x 
x 5.0 nm®. More detailed information on the shape of homogeneous 
particles is obtained by analysis of scattering curves at large angles 
(from several degrees to about 25° for the CuK, radiation). Large- 
angle scattering characterizes structural details with dimensions 
from 4 to 0.5 nm. 

Figure 5.7 shows the theoretical scattering indicatrices calculated 
for various models of yG,-immunoglobin and the experimental 
points lying on the theoretical curve that corresponds to the T-shaped 
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model of the arrangement of domains (see page 133). This model was 
later fully confirmed by X-ray crystallographic investigations. 

In calculations of X-ray scattering it is necessary to take account 
of the effect of solvents on the shape of the indicatrix. This effect 
is not specific and the solvent may be replaced by a homogeneous 
and structureless continuum characterized by only one parameter— 
the effective electron density. 

Ptitsyn assumed that native proteins display certain mobility 
of the domain structure (page 120). X-ray diffraction analysis does 
also shows limited mobility in crystals (page 146). Large-angle 
scattering in solution has also revealed such mobility in some 
cases. The method consists in comparing the experimental indi- 
catrix with the theoretical one calculated on the basis of crystal- 
lographic data. No noticeable differences have been found bet- 
ween the structures in a crystal and in solution (in the range 
of distances >>1 nm) for ribonuclease and for complexes of 
ribonuclease and lysozyme with their inhibitors. The experimental 
curve for lysozyme without an inhibitor, however, differs slightly 
from the theoretical curve in the range of distances of about 2 nm. 
This difference may be interpreted as a fluctuating expansion of the 
gap between two protein domains. Appreciable differences have 
been noted on the curves for myoglobin, which is evidently accounted 
for by fluctuating displacements of its GH-hairpin relative to the 
other parts of the molecule. There have also been established sub- 
stantial differences in structural data for crystalline and dissolved 
phage T4 lysozyme and for other proteins. Thus, at least some pro- 
teins in solution are characterized by displacements of domains that 
make up globules. 


3.3. Methods of Nuclear Physics 

Modern nuclear physics, which makes use of powerful beams of 
elementary particles—electrons, neutrons, etc.—offers also such 
methods as X-ray diffraction using synchrotron radiation and neutron 
diffraction for crystalline and dissolved biopolymers. 

Magnetic bremsstrahlung, or synchrotron radiation, arises during 
the motion of charged particles, say electrons, in cyclic accelerators. 
In synchrotron radiation the energy spent for acceleration of 
particles is lost. Synchrotron radiation in the X-ray region of the 
spectrum has an intensity two orders of magnitude higher than the 
modern X-ray tube with a power of 2 kW. The use of special mono- 
chromatization and collimation enables a two-order increase in 
intensity of X-ray synchrotron radiation; a further increase by 
2-3 orders is achieved with the aid of special storage devices. Syn- 
chrotron radiation is characterized by a small divergence of the 
beam. These specific features allow one to make use of synchrotron 


5.3. Methods of Nuclear Physics 154 


radiation for the X-ray diffraction of rapidly changing materials. 

Synchrotron radiation is a very promising method for the study of 
biological processes associated with conformational and other 
a transformations at the molecular and supermolecular 
eveis. 

Synchrotron radiation offers important possibilities for X-ray 
spectroscopy. X-ray quanta have an energy just enough for the 
inner electrons in the atom to be ionized. The X-ray absorption edge 
shows the fine structure of the absorption band. This structure is the 
result of the reflection of the spherical wave, emitted by the primary 
absorber (say, a heavy atom located at the centre of the molecule), 
from the surrounding atoms and of the interference with the waves 
scattered by them. The use of this method, called EXAFS (the 
extended X-ray absorption fine structure technique), has made it 
possible to obtain valuable information on the structure of nitro- 
genase—a protein containing molybdenum atoms. 

Microparticles undergo diffraction if the de Broglie wavelength 
defined by 


ja (5.2) 


where #2 is Planck’s constant, m is the mass of the particle, and v 
is its velocity, has the same order of magnitude as the distance be- 
tween the details of the object. Neutron diffraction has found various 
applications. 

A beam of neutrons from an atomic reactor is subjected to mono- 
chromatization by reflection from a crystalline plate (say, CaF,). 
Diffracting neutrons are recorded by counters. The neutrons are 
scattered not by the electronic shell of the atom but by its nucleus, 
and the atomic scattering factor is determined by the proton-neutron 
structure of the nucleus rather than by the atomic number. Therefore, 
the atomic factors of isotopes vary significantly. The atomic factor 
for hydrogen, i.e., for the proton, is far from being minimal. There- 
fore, in contrast to X-ray diffraction, neutron diffraction allows 
hydrogen atoms to be reliably located. For instance, neutron diffrac- 
tion has been employed for establishing the detailed structure of 
ice; it has been shown that each hydrogen atom, which forms covalent 
and hydrogen bonds 

O—H --e-O 


may occupy two positions—the one shown above and the following 
one: 
O.-.--H—O 


In other words, the proton may reside near its own oxygen atom and 
near a foreign oxygen atom. The hydrogen bond in water is charac- 
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terized by the jumps of protons between two equivalent minima. 
Neutron diffraction has been successfully employed in investigations 
of biopolymers. As regards the diffuse scattering of neutrons by 
solutions of biopolymers, it yields results which substantially 
supplement those obtained by scattering of X-rays. By changing the 
fraction of heavy water in an aqueous solution of a biological object 
one can vary the overall amplitude of neutron scattering. This reveals 
the selective scattering of different functional groups. It has been 
possible, for example, to investigate the nature of the complex for- 
mation of a protein and DNA in chromatin. 

A specific method of structural studies of biopolymers is -resonance 
spectroscopy based on the Méssbauer effect. This effect consists of the 
resonance absorption by an atomic nucleus of the monochromatic 
y-radiation emitted by a radioactive atom. All natural compounds of 
iron contain 2.2 percent of the isotope *’7Fe. This makes it possible 
to study Fe-containing proteins (hemoglobin, myoglobin, cyto- 
chromes, etc.) by the y-resonance method. The sample is exposed to 
y-rays emitted by radioactive *’Fe (produced from °7Co). If the 
source is made to move at a low velocity relative to the absorber, 
i.e., the sample under study, along the axis that connects the source 
and the sample, the frequency of the y-quantum will be changed a 
little due to the Doppler effect. At a certain value of natural frequency 
the °’Fe nuclei of the sample will absorb y-quanta resonantly, passing 
from the ground state to an excited state. The resonance frequency 
of the °7Fe nucleus in heme and other Fe-containing groups is highly 
sensitive to the action of neighbouring atoms and groups. This 
enables one to obtain information on the electronic structure of 
Fe-containing atomic groups in their various states in proteins. The 
effect can be enhanced by enriching a biopolymer with the 57Fe 
isotope. For this purpose, the content of this isotope is increased in 
the food of the animals under test, which are the source of the appro- 
priate substances. Apart from heme-containing proteins, the method 
of y-resonance spectroscopy is used effectively to study iron-sulphur 
proteins (ferredoxin, rubredoxin, etc.) and also the mechanisms of 
chemical reactions involving iron-containing biopolymers. For 
structure determinations one can use y-emitting isotopes as labeled 
atoms and the Méssbauer effect as the analyzer. 

Apart from absorption y-resonance spectra, emission spectra are 
also studied. In this case, the source contains atomic nuclei that are 
parent nuclei with respect to Méssbauer nuclei. The emission method 
has been used for studying the structure of a number of porphyrin 
compounds of cobalt—vitamin B,, and others. The sensitivity of the 
emission method is very high; this method can be used to follow 
fast biological processes. 

The prospects of the application of y-resonance spectroscopy are 
associated, first, with the development of Méssbauerography, i.e., 


5.4. Electronic Absorption Spectra 153 


the X-ray diffraction based on the radiation of Méssbauer nuclei. 
Second, the development of y-lasers has begun, which will make it 
possible to use holography at a molecular level. 


5.4. Electronic Absorption Spectra 

In the long run, all optical and spectroscopic properties of mole- 
cules, which yield important information on their structure, are 
determined by the distances between the energy levels of the molecule 
and by the probabilities of transitions between them. These levels 
correspond to various electronic, vibrational, and rotational states 
of molecules. 

The electronic transitions of polypeptide and polynucleotide 
chains and, hence, of proteins and nucleic acids occur in the ultra- 
violet region of the spectrum. The absorption bands of the peptide 
linkage —CO—NH— lie in the region of 185-240 nm; the same 
region and a shorter-wave region contain the absorption bands of 
aliphatic side chains of amino-acid residues. The aromatic residues 
Try, Phe, and Tyr possess absorption bands in the 280 nm region. 
The nitrogenous bases in nucleic acids absorb light in the 260-nm 
region. Thus, proteins and nucleic acids are colourless; they do not 
absorb visible light. 

This is in full agreement with the dielectric nature of biopolymers 
and renders the statements of their electronic conduction less likely. 
We have already said that for electrons to be freely transferred 
along the polymeric chain, the latter must be a rigid conjugated 
system consisting of alternating double and single bonds or of 
conjugated aromatic rings. The chain flexibility is incompatible with 
its electronic conductivity. Short conjugated chains are coloured 
(carotene is red; see page 52), and sufficiently long chains absorb all 
the visible light, i.e., they are black and even metal-like. For exam- 
ple, the following polymer of acetylene HC=CH has been recently 
obtained: 

H H H 


Cc Cc Cc 
ae Ae Aer ai 

Cc Cc Cc 

H H H 
which is black and has a metallic lustre. Quantum-mechanical 
calculations show that for conduction electrons in proteins to be 
excited a very large amount of energy is required, not less than 
3.5 eV (i.e., 340 kJ/mole). 

Some crystalline semiconductors are colourless, but this does not 
imply at all that biopolymers may be considered to be semiconduc- 
tors. Evidently, the low electronic conductivity of biopolymers is 
accounted for by the presence of metal ions which are difficult to 
remove and is of no biological significance. 
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The monomer of the protein chain is similar to the amide molecule 
R,—CO—NH—R.,. As a result of the study of the electronic spectra 
of simple amides (formamide, methylacetamide, myristamide), there 
have been established electronic transitions in the amide group 
(Fig. 5.8). The scheme of electronic transitions is based on quantum- 
mechanical calculations. Figure 5.9 shows the wavefunctions of the 
amide group corresponding to its most mobile electrons. The x, 
level in Fig. 5.8 corresponds to the bonding orbital and the x* level 
to the nonbonding orbital of the C=O bond; the x, level corresponds 


m1*. 


Te 


Fig. 5.8. Electron transitions in the amide Fig. 5.9. The wavefunctions 
group. of the amide group. 


to the nonbonding orbital of nitrogen and the n level to the state of 
the unshared electron pair of oxygen. The n —o* transition is an 
atomic electronic transition in oxygen. 

According to the Beer-Lambert law, the intensity of light that has 
passed through a layer of an absorbing substance of thickness / is 
equal to 

I = I, exp (—ecl) (5.3) 


where J, is the incident intensity, c is the concentration of the 
absorbing substance (in moles/litre), ¢ is the molar extinction coef- 
ficient (or molar absorptivity) [in litres/(mole-cm)]. The absorption 
in a given band, which corresponds to the transition from the ground 
level 0 to an excited level j is expressed in terms of the so-called 
oscillator strength f);, which is determined by the intensity of the 
absorption band: 


fing = 4-32 X 107° j &,) dv (5.4) 


Here v is the wave number, i.e., the frequency of the light wave 
divided by the light velocity; the integration is carried out over the 
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2 
fo = er 0 3P5; (5.9) 


e 
where e and m, are the charge and mass of an electron; 9; is the 
circular frequency corresponding to the 0 —j transition: 


Woy = (Ey — Eq) /h (5.6) 


The quantities Hy and £; are the energies of the ground and excited 
states. Finally, po; is the matrix element of the dipole moment corre- 
sponding to the 0 —j transition or the transition dipole moment: 


Por= | VopV9 dt (5.7) 


The quantity p?; is called the dipole strength of the transition. The 
oscillator strength is a dimensionless quantity, whose values for 
different bands vary from very small to those of the order of 0.1-1.0. 
Formula (5.7) indicates that p?; and the oscillator strength are the 
greater, the more strongly the wavefunctions of the initial and 
final states, p>) and p;, overlap. The n > 2”* transition in the amide 
group has a low dipole strength since the electron clouds of the n- 
and 2*-states are almost perpendicular to each other and overlap 
only slightly (Fig. 5.9). 

Theoretical calculations give the following values of wavelengths 
4o; Which correspond to the following transitions: n > x* at 234 nm, 
nm, > 1* at 160 nm and xn, > x* at 135 nm. The spectrum of myrist- 
amide shows bands of 220 nm (nm +2*), 190 nm (a, >2*), and 
165 nm (x, -s*). The transition dipole moment of the 1, > x* 
transition lies in the plane of HNCO at an angle of 9° to the line 
connecting the atoms O and N, and the transition moment of the 
n-—»wx* transition is perpendicular to this plane. 

The spectra of amide groups in a polymeric chain vary because of 
the electronic interaction between these groups. For example, the 
energy levels for the terminal groups of the chain are different from 
those for the internal groups. Of special interest in biophysics are 
the spectral effects that arise as a result of the exciton resonance 
interaction, namely the Davydov splitting and hypochromism. 

Studying the optical properties of molecular crystals, Davydov 
showed that resonance transfer of the excitation energy may occur 
hetween the excited energy levels of a regular set of identical chro- 
mophoric (light-absorbing) groups. The excitation energy, or exrziton, 
can propagate in a regular system (Frenkel). As a result of the reso- 
nance interactiqn, the energy levels are split, producing a wide zone. 
The selection rules allow transitions on absorption and emission of 
light not to any but only to strictly definite levels of the zone, the 
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polarization of absorption bands being determined by the symmetry 
of the regular system as a whole. 

A resonance interaction is possible even in a dimer, in which it 
can lead to the splitting of the ground level into two levels. Figure 
5.10 shows the scheme of such splitting for the cases of the parallel 
and collinear arrangement of transition dipoles. The solid arrows 
indicate allowed transitions, and the broken arrows show forbidden 
transitions. Moffitt has carried out a theoretical calculation of the 
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Fig. 5.10. Energy levels for a system of parallel (a) and collinear (b) transition 
dipole moments. 


exciton splitting for the x, > x* transition at 190 nm in the a-helix. 
According to the Davydov theory, this band splits into two bands, 
one of which is polarized along the helix axis and the other at right 
angles to it. The frequency difference between the two bands is 
2700 cm~ (or about 10 nm on the wavelength scale). 

Resonance interaction leads to a redistribution of the spectral 
line intensities. In the case of two collinear transition dipoles the 
band of lower frequency (greater wavelength) shows an increased 
intensity at the expense of the intensity of the short-wavelength 
band. The long-wavelength band shows a hyperchromic effect. On 
the contrary, in the case of parallel dipole moments the intensity of 
the long-wavelength band falls off and that of the short-wavelength 
band is increased. Now the long-wavelength absorption band displays 
a hypochromic effect. It is exactly hypochromism that is observed in 
the spectra of a-helical polypeptides and proteins and also in double- 
stranded helical nucleic acids. If the dipole moments are perpen- 
dicular to each other, no intensity redistribution will occur. 

Figure 5.11 shows the experimental results obtained for polygluta- 
mic acid (PGA). At pH 4.9 the polymer has an a-helical form and at 
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pH 8.0 this changes to a coil. Two bands are clearly seen, which have 
arisen as a result of a Davydov splitting, and a strong hypochromism 
is observed. 

The oscillator strength of the Nena pu band of the a-helix 
is decreased by 30 percent. The long-wavelength bands of polygluta- 
mic acid and polylysine being 
in a coiled form are character- 
ized by an oscillator strength of 4,nm 
0.110; the oscillator strength for  ¢.\9%_180 200 220 240 
the a-helix is 0.075. 7 

The hypochromic effect has 
been examined in detail both 
experimentally and_ theoreti- 
cally. The dependence of the 
effect on the medium, pH, and 
ionic strength has been stud- 
ied. 

It is obvious that the disap- 
pearance of hypochromism in 1 
the course of a helix-coil tran- 
sition can yield a quantitative 3.4 [0 a6. 42 
measure of the a-helicity of pro- 
teins. Because of the difficul- 
ties involved in spectrophoto- Fig. 5.41. The ahedepton ppectam 
metric measurements in the far- of polyglutamic acid (PGA 
ultraviolet region near 200 nm, 
this method is used seldom in 
studies of proteins. On the contrary, it is simple and efficient 
for nucleic acids, whose long-wavelength bands lie near 260 nm. 


¥-10,'cm* 


5.5. Luminescence 

Like absorption spectra, the luminescence (fluorescence) spectra 
of complex molecules are blurred and devoid of fine details. This 
does not refer to Shpolsky line spectra, which are observed under 
special conditions and which have so far found no application in 
biophysics. The intensity, polarization, and duration of fluorescence 
prove to be more informative than the wavelengths of band maxima. 
The wavelengths of band maxima are not so much informative as 
the intensity, polarization, and duration of fluorescence. 

Suppose that at time zero (¢ = 0) there are n (0) excited molecules. 
If the probability of the transition for 1 s from an excited to an unex- 
cited state supplemented by the emission of a light quantum is / 
and the probability of a radiationless transition, in which the exci- 
tation energy is converted to heat, is g, then 


dn = — (f + g) n dt (5.8) 
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and 
n (t) = n (0) exp [— (f + g) 2) (5.9) 
The average lifetime of the excited state is given by 
oo co { 
sia fan). dn= = (5.10) 


The intensity of fluorescence decreases exponentially. In most cases t 
is of the order of magnitude equal to 10-®-10-® s, but it may be much 
greater. 

The quantum yield is expressed in terms of fractions of radiative 
transitions: 


y= ff + 8) (5.11) 


In solution the equilibrium distribution of molecules over their 
reserves of vibrational energy is independent of the excess of this 
energy produced on excitation and, hence. of the wavelength of the 
exciting light, Aexc. Thus, t and y are also independent of Agxc 
(the Vavilov law). 

The fluorescence emission of complex molecules (dyes, in par- 
ticular) is polarized even with a natural incident light. The theory 
of luminescence polarization has been worked out by Vavilov and 
Feofilov. The exciting light is absorbed by molecules that are orient- 
ed in a special manner with respect to the electric vector of the 
light wave. After the light has been absorbed the energy is emitted 
as a result of another electronic transition, to which there corre- 
sponds, generally speaking, a different polarization in the molecule, 
i.e., a different direction of the transition dipole. If the lifetime of 
the excited state, i.e., the energy transfer time. is short as compared 
with the reorientation time of the molecule, the luminescence becomes 
polarized. The degree of polarization is defined as follows: 


=k (5.12) 


where J, and /,, are the radiation intensities with the components of 
the electric vector along the axes z and x. the incident light being 
directed along the y axis (Fig. 5.12). Calculations show that the 
maximum value of P with a natural incident light for fixed, randomly 
oriented molecules is 1/3. The rotational motion of molecules or atom- 
ic groups depolarizes the fluorescence. Theory yields the Levshin- 


Perrin formula 
1 4 1 1\ kr 
poRtlats) mt oe) 
Here P is the observed degree of polarization; P» is its maximum 
value in the absence of depolarization, i.e., at JT — 0, or at the vis- 
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cosity of the medium, , tending to infinity; V is the volume of the 
molecule; t is the lifetime of the excited state. The degree of polar- 
ization falls off with increasing mobility of the light-emitting 
molecule and may serve aS a measure of mobility. 

Radiationless transitions, which are responsible for the quantum 
yield y being less than unity, reduce to the conversion of light energy 
into heat. The molecule excited by a photon fw, to a certain singlet 


Fig. 5.12. Diagram illustrating Fig. 5.13. Energy transfer diagram for 
luminescence polarization. luminescence. 


level Es, is capable of emitting a quantum Aw; with probability f; 
the energy can be converted within the molecule into vibrations 
with subsequent degradation into heat; the molecule can pass, with- 
out emission, to a metastable triplet state level Ezo, expending part 
of the excitation energy. The energy E70 can then be released as a 
phosphorescence photon Awpn or else can degrade into heat. All these 
processes are depicted schematically in Fig. 5.13. 

Another important factor responsible for the decrease in quantum 
yield is the quenching of luminescence. It can be provoked by foreign 
substances or by the migration of the excitation energy from molecule 
to molecule (concentration quenching). We are not speaking here of 
the emission with subsequent reabsorption of light but of a direct 
transfer of excitation energy due to the resonance interaction of 
molecules which increases with decreasing distance between mole- 
cules, i.e., with increasing concentration. The condition for such 
nn interaction is a strong overlap of the absorption and emission 
hands of the molecules. 

The difference between the resonance and exciton (page 195) 
interactions is of a quantitative nature. The resonance migration of 


460 Chapter 5. Investigation of the Structure of Biopolymers 


energy occurs if the interaction energy is great, i.e., by far exceeds 
the width of the electronic-vibrational zone. In this case, energy 
transfer takes place rapidly and the effect of vibrations may be 
neglected. In contrast to exciton spectra, which arise in the case of 
a weak interaction (the energy of which is much less than the width 
of the zone), in the spectra of resonantly interacting molecules no 
vibrational structure is observed. 

The migration of energy brings about the depolarization of lumi- 
nescence. A molecule that absorbs a quantum is oriented in some 
way in space. If the same molecule emitted light, it would have 
a certain value of the degree of polarization P. However, during the 
time t between absorption and emission there can repeatedly occur 
acts of energy transfer to other molecules with somewhat different 
orientations. After a certain time period has elapsed all the excited 
molecules lose their original orientation and the emission becomes 
depolarized. 

It should be emphasized that energy migration is possible between 
different as well as identical molecules provided that the absorption 
bands of molecules of one species and the fluorescence bands of 
molecules of another species overlap. 

The study of the specific features of luminescence associated with 
migration of energy is important for biophysics. The transfer of 
energy from one luminescent part of a biopolymer to another allows 
one to estimate their relative arrangement. The study of polarized 
luminescence yields information on the conformational structure 
and its dynamics—on the mobility of the macromolecule and of its 
individual groups. The frequently used luminophors are cyclic 
m-electronic systems. For example, aromatic amino-acid residues in 
proteins emit luminescent radiation. The spectral properties of the 
corresponding amino acids are presented in Table 5.1. 


Table 5.1. The Spectral Properties of Aromatic Amino Acids 


7 ; Xr » nm oy ee peaks x ‘ 

Amino acid (ataorption) €, mole-1.litre-1 (fluorescence) v 
Phenylalanine 257 200 282 0.04 
Tyrosine 257 1300 303-304 0.21 
Tryptophan 280 5600 353 0.24 


ff: The fluorescence of Phe is not practically observed. The lumines- 
cence ofjTyr and Trp depends substantially on the pH and polarity 
of the medium and on the protonation of neighbouring groups. In 
native proteins, the value of y for Typ is much less than 0.24; on the 
contrary, the value of y for Trp may increase up to 0.32. Denatura- 
tion with urea makes the values of y for Tyr and Trp equal—their 
quantum yields are conformationally sensitive. The point is that 
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the quenching of the luminescence, of Tyr and Trp depends on the 
environment, particularly on its hydrophobic nature. The lumines- 
cence of residues that are transferred during conformational changes 
from the interior of the globule to its surfaee is quenched more easily 
by foreign quenchers. The study of the luminescence of proteins (aro- 
matic residues) has furnished valuable information about their confor- 
mational properties and interactions with other molecules and ions. 

No less valuable results are obtained by the application of lumines- 
cent labels. The conformational structure and dynamics of complexes 
of nucleic acids with luminophors (acrydine dyes) are successfully 
studied with the aid of polarized luminescence. 

Three trends in biophysical investigations are directly or indirectly 
associated with luminescence. Some critical remarks concerning 
these trends are in order. 

1. The concepts of energy migration which were developed through 
the study of luminescence formed the basis for attempts to explain 
a number of biological processes. Many of these processes occur 
rapidly, according to the “all-or-none” principle. A true explanation 
of such phenomena must presumably be based on their cooperative 
nature. Such an explanation has been given for many problems. In 
the literature, however, there are certain considerations as to the 
migration of energy in a biopolymer or in the seemingly “structured” 
water that surrounds it. These considerations were used to explain, 
for example, muscular contraction. The “migration” conceptions in 
the “dark” biology have no theoretical backing. 

2. In 1923 Gurvich reported the discovery of mitogenetic rays 
which are emitted by cells during their mitotic division and which 
in their turn stimulate mitoses. The attempts made for a number of 
years to detect this emission by means of precise physical methods 
were not successful. The existence of mitogenetic rays has not been 
verified and therefore their study has long been abandoned. Other 
reports concerning specific ultraviolet radiations that arise in other 
biological processes have likewise proved unsubstantiated. 

3. The cells and tissues of plants and animals often produce a 
weak fluorescence in air which was treated as being of biological 
nature. This luminescence, however, is in fact chemiluminescence, 
which is mainly determined by the oxidation of lipids. Many organic 
compounds fluoresce on oxidation. Apparently, this fluorescence is 
of new biological value. It can be used as an indicator of oxidation 
processes. 


5.6. Optical Activity 

As we have already said, biopolymers are chiral and, hence, display 
natural optical activity, i.e., rotate the plane of polarization of plane- 
polarized light, and circular dichroism (which will be discussed later): 
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Optical activity, the ability of a chiral medium to rotate the 
plane of polarization of transmitted light, was discovered by Arago 
in 1811. As has been shown by Fresnel (1820), optical activity is the 
result of circular birefringence, i.e., of different velocities of pro- 
pagation in a medium of the right and left circularly polarized light. 
In the right-hand wave the electric field strength vector in the ray 

directed towards the observer 
rotates in a clockwise direction; 
in the left-hand wave the vector 
rotates in an _ anticlockwise 
direction. A linearly polarized 

ae wave can be resolved into a 

D right-hand and a left-hand circu- 
larly polarized components—the 
electric vector oscillating along 
a single direction is the sum of 
two vectors which rotate circu- 

(a) (b) larly in a clockwise and an anti- 

clockwise direction (Fig. 5.14a). 
Fig. 5.14. Resolution of a lane-pol- If one of these components pro- 
arized wave into right- and left-circu- pagates faster than the other, 


larly polarized components (a) and 
rotation of the pane of polarization the resultant vector rotates at an 
u. 


caused by circular birefringence (b). angle that is the larger, the 
greater is the velocity difference 


(Fig. 5.145), i.e., the higher is 
the difference of the refractive indices. When the ray is passed 
through a layer of a substance of thickness 1, the plane of polarization 
is rotated through an angle given by 


== (n,—np) 1 (5.14) 


where A is the wavelength of light; n,; and mp are the refractive 
indices for the left-hand and right-hand waves. 

The specific rotation of a solution containing c (g/cm*) of an 
optically active substance is defined by the following relation: 


Psp = Olle (5.15) 
If the thickness 7 is measured in dm and @q in radians, then 
op =O © pad-dm“t.gt-cm’ (5.46) 


For a pure substance c is replaced with density. The molar rotation 
is a quantity defined by 


M 18 M 
Mh = Toy Pan = Pe or Om) 


where M is the molecular weight of the optically active substance. 
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Any substance both refracts and absorbs light. In the region of 
absorption of light by a substance the refractive index is a complex 
quantity defined by the formula 


~ e 


n=n—ix (5.18) 


where x is the absorption coefficient related to the molar extinction 
coefficient ¢ (see formula 5.3) by the following formula 


Ac 1000 
nae (5.19) 


where MM is the molecular mass and c is expressed in g/cm. Use is 
often made of the Beer-Lambert law in the form 


I=1,-10-2'e"! (5.2) 


Here c’ is expressed in moles-litre-! and e’ = 0.4343¢. 

If a substance exhibits circular birefringence, it absorbs left- 
and right-circularly polarized light differently, i.e., it displays 
circular dichroism as well. The angle of rotation of the plane of 
polarization is also a complex quantity: 


@=— (Ri, —Np) l= (np — np) 1—t | (x, — Hp) I (5.24) 


In the absorption range, linearly polarized light is transformed into 
elliptically polarized light. A measure of ellipticity is the quantity 


0 = = (nr — xp) (5.22) 
Molecular ellipticity is defined as follows: 


Omor = 078  — 2.303 x 2 (ef, — ep) = 3300 (02 eb) (5.23) 


Theory must account for the dee of the differences ny, — np and 
X;,— %p (i.e., €f — €p) and establish the relationship between 
these quantities and the structure of the substance. In conventional 
optics—the theory of light refraction and dispersion—the sizes of 
molecules are considered to be infinitesimally small as compared with 
the light wavelength A. In other words, no account is taken of the 
differences in the phases of the light wave at different points of the 
molecule. In fact, for small molecules the ratio of their sizes to the 
wavelength of visible light is of the order of 10-8, which cannot be 
ignored in the theory of optical activity—the entire effect is deter- 
mined precisely by the phase differences of the light wave within 
the molecule. Spectropolarimetry is a kind of molecular interferometry, 
which is what accounts for the high sensitivity of optical activity 
towards changes in molecular structure. 
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Thus, one cannot neglect the distances between the electrons of 
the molecule which are acted on by the light wave. It is also necessary 
to take account of the interaction between these electrons—in the 
absence of such an interaction no optical activity is present. And, 
finally, the molecule or crystal must be chiral, i.e., they must have 
neither plane nor centre of symmetry. 

In the rigorous quantum-mechanical theory of optical activity 
(Rosenfeld) the rotation of the plane of polarization is expressed in 
terms of electric and magnetic transition dipoles (cf. page 155). 
For an isotropic medium that contains N, of chiral molecules in 
4 cm® we have 

_ 16n3.N 24.2 

= Sah it? | (5.24) 
where 7 is the refractive index and f is a constant which characterizes 
optical activity. The refractive index is related to the polarizability 
a by the Lorentz-Lorenz formula: 


a 
apa Na (5.25) 


The polarizability a, which characterizes the refraction of light, 
and the constant 6, which determines circular birefringence, are 
defined in a¥similar way: 


wp? 
=a » waar (5.26) 
cc ik {Post jo} 
p= ak eae (5.27) 


These formulas are valid for molecules in the ground, electronically 
nonexcited state 0, far away from absorption bands with frequencies 
@j == oj. Here o is the circular frequency of the incident light; c is 
the light velocity; A = h/2n, where h is Planck’s constant; Poi is 
the electric transition dipole moment (see page 155); and my, is the 
magnetic transition dipole moment. The symbol Im indicates that B 
incorporates only the imaginary components of the complex prod- 
ucts Pojtj). The summation is carried out over all the 0 >j 
transitions. As we have already seen (page 155), the quantity pj; = 
= D;, which is called the dipole strength, is directly connected with 
the intensity of light absorption. The sum of the dipole strengths 
over all the 0 —+/j transitions is a constant which is proportional 
to the number of electrons in the molecule. The quantity 


Ry = Im {poymjo} (5.28) 


is called: the rotational strength of the 0 —j transition. 
In contrast to the sum of dipole strengths, the sum of the rotational 


strengths over all j’s is equal to zero. 
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D R= Dim {J vows ae | yymys dx} = 
j j e 


=Im {| yo(pm) vidr—| yopysdr | yomysdr}=0 (5.29) 


since the diagonal matrix elements (0 | pm|0), (|[p|0), and 
(0 | m|0) are real, i-e., their imaginary parts are equal to zero. 

The rotational strength R; vanishes if the molecule has a plane 
or centre of symmetry. The electric and magnetic terms cannot be 
both simultaneously different from zero in the absence of chirality. 
In such cases all the states of the molecule are specified as even or 
odd, depending on whether the wavefunction retains or changes its 
sign upon reflection at the centre or in the plane, respectively. The 
moment operators p and m in the Cartesian coordinates have the 
form 


p=e (ix + jy+kz) 
= igs iy tay) ti (tat ae) + 
+k(zx way x)} (5.30) 


where e and m, are the electron charge and mass; A = h/2n, where 
h is Planck’s constant; c is the velocity of light; i, 7, & are the unit 
vectors along the coordinate axes. Let us assume that the molecule 
has a centre of symmetry. Upon reflection at the centre p changes its 
sign and m retains sign. Therefore, (0 | p|j) is not equal to zero 
upon transitions from odd to even states and vice versa. On the 
contrary, (j | m|0) is different from zero only for transitions be- 
tween states of identical parity. Hence. the scalar product of these 
matrix elements is equal to zero for any transitions. The equality of 
R; to zero is proved in an analogous manner for molecules possessing 
a plane of symmetry. 

In going from the right-handed antipode to the left-handed one 
the sign of R;, the sign of rotation, is changed. In order of magnitude 
R; is equal to the product of the electric and magnetic moments of 
the molecule. The transition moment po; is of the order of 1 D = 
«= 10-18 esu, and the magnetic moment of the electron is 0.93 x 
< 10-?° erg-G-!. Hence, the order of magnitude of R; is 10-*8 esu. 
It is convenient to use the value of the reduced rotational strength 
«xpressed by a number of the order of unity: 


R'm 100 
LBPda 


where pg is the Bohr magneton and pz = 1 D. 
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In the region of an absorption band of frequency w; the damping 
must be taken into account. Then we obtain a complex expression 
for B: 


fp ee 8 AO (oj—o%) 
VS ot—ottiol; 3% (@}—o)? +0} 
2ic Rjoly 


SR (o}—o%) Lol} (5.34) 


The quantity I’; characterizes the half-width of the absorption band 
on a frequency scale. The first term in formula (5.31) describes the 


Dextrorotatory 
Psp 8 
| > h—> 
(a) 
Levorotatory 
Psp @ 
\ Fig. 5.15. AORD and CD curves 
> > for (a2) a dextrorotatory sub- 
(b) stance and (b) a levorotatory 


substance. 


rotation of the plane of polarization, and the second the circular 
dichroism (page 163). In an analogous manner we obtain, near tho 
region of absorption, a complex expression for polarizability in 
which the real term describes refraction and the imaginary one the 
absorption of light. 

Near the region of absorption there are simultaneously observei 
an anomalous optical rotatory dispersion (AORD) and circular dich- 
roism (CD). The model curves for a levorotatory and a dextrorotatory 
substance are shown in Fig. 5.15. The corresponding curves for 
refraction and absorption are analogous to the AORD and CD curves 
for the dextrorotatory substance. The anomalous optical rotatory 
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dispersion is usually referred to as the Cotton effect, although Cotton 
discovered circular dichroism. 

The rotational strength R; can be determined both from AORD 
and CD. Accordingly, one can pass from one effect to the other 
through calculation. This is a special case of Kronig- Kramers rela- 
tions, which establish the relationship between the real and imagin- 
ary parts of the response of a linear system towards an external action. 
The calculations of rotation from the ellipticity and vice versa (and 
analogous calculations for refraction and absorption) are carried out 
through the use of the formulas 


20? ra 6 (w’) 


?(0) == | a @ten 20" (5.32) 
0 
208 ' 
6(o)= —S | aay do (5.33) 


In practice, the quantity R; can be conveniently determined in 
investigations of biopolymers by using CD rather than AORD. It 
can be shown that the signal-to-noise ratio is much greater in CD. 

Theoretical calculations of B are approximate, since it is practically 
impossible to know the entire set of energy levels of molecules and 
of the corresponding wavefunctions for direct calculations made by 
means of formula (5.27). 

The molecule can be mentally split into atomic groups with no 
electrons being exchanged between them. Then the quantity B will 
be represented by the sum 


B = Bi + Be + Bs + By (5.34) 


where B,; are the contributions from individual groups equal to zero 
if the groups are achiral (say, CH, groups); B. are the “one-electron” 
terms which appear as a result of electric and magnetic dipole 
transitions in a given group, which is in the asymmetric field of the 
other groups. The term Bh, results from the interaction of mj, of one 
vroup with py; of another. Finally, B, is determined by the simulta- 
neous electric dipole excitation of various groups. The contributions 
of B, and Bf, are the most significant. The contribution of B, is the 
result of the electrostatic dipole interaction of anisotropically pola- 
rizable groups in the molecule. This contribution is determined by 
the polarizabilities of atomic groups and depends directly on their 
mutual geometric arrangement, i.e., on the configuration and con- 
formation of the molecule, and turns to zero in the presence of a 
plane or centre of symmetry. 

The simplest model of a chiral molecule proposed by Kuhn con- 
sists of two linear groups, 1 and 2, which are a distance r from each 
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other and which undergo polarization only along their axes, the 
angle between which is y (Fig. 5.16). In this case 


B, =F aya, sin y cos /r3 (5.35) 


where a, and a, are the polarizabilities of groups 1 and 2. As we 
have seen (page 164), the polarizability is determined by the values 
of po;, i.e., by the intensities of the corresponding absorption bands. 
The more intense the band, the greater its contribution to f,. But 
the rotational strength is given 
by the product pojmj). At high 
values of po; the values of mj, 
are usually small, and vice versa. 
Weak bands with small po; but 
large mj, may play a significant 
role in optical activity. Such 
bands do not introduce an appre- 
ciable contribution to the pola- 
rizability; the quantity B, takes 
no account of the role of weak 
bands. 

The contribution of B, is esti- 
mated approximately with the aid 
Fig. 5.16. The simplest model of an f the so-called one-electron model. 
optically active molecule (after Kuhn). Formula (5.27) is used but this 

model is concerned only with elec- 

trons of chromophore groups res- 
ponsible for long-wave absorption. The chromophore group (say, 
the peptide linkage —NH—CO—) is usually planar and does not 
exhibit optical activity. But, being in the asymmetric field of the 
neighbouring atoms of the chiral molecule, the group makes a con- 
tribution to B,. The one-electron model allows one to describe well 
the optical activity dispersion and, notably AORD and CD, in the 
absorption band of a chromophore. By using this model it is possible 
to calculate, with good accuracy, the rotational strengths of electron- 
ic transitions in chromophores. A change in conformation of the 
molecule alters B,. The theory has been successfully employed for 
the conformational analysis of terpenes, steroids, etc. 

The present-day advancement of spectropolarimetry is directly 
tied up with investigations into the structure of natural compounds — 
with bioorganic chemistry and molecular biology. Spectropolarimet- 
ry has gone through three stages of development. At one time, mole- 
cules and crystals were characterized only by the values of 9,, 
at a single light wavelength. This gave very scarce information. 
Later, scientists turned to the measurement of dispersion outside the 
region of absorption. Finally, the scientists became interested in 
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measuring the Cotton effect (AORD) and CD in the region of absorp- 
tion. This is most informative but requires that the apparatus be 
highly sensitive (that the rotation be measured with an accuracy 
of up to 10-* deg) and measurements be carried out over a wide range 
of wavelengths (for proteins, up to 180-530 nm). 


5.7. Optical Activity of Biopolymers 

For polymers it will be reasonable to express optical rotation and 
CD in terms of quantities referred to one monomer. The mean rota- 
tion of the monomer is defined as 


c 


M 
m! = sp (5.36) 


where M, is the average molecular weight of the monomer. The 
effect of the solvent can be approximately taken into account by 
introducing a Lorentz correction. Instead of m’, use is made of 
the reduced mean rotation of the monomer: 


* 3 3 M 
m = TID m! = 5 00 Psp (5.37) 
where n is the refractive index of the medium. For water at 20°C 
the Lorentz factor 3/(n? + 2) varies from 0.7945 at 600 nm to 
0.7306 at 185 nm. 

In a number of cases, biopolymers exhibit dual chirality—the 
chirality of monomeric units and the chirality of the a-helix of 
proteins and polypeptides or of the double-helical portions of nucleic 
acids. On denaturation, i.e., on helix-coil transitions, only the chiral- 
ity of monomers is retained. Accordingly, these transitions are 
accompanied by sharp changes in rotation and CD. These character- 
istics are very sensitive to changes in conformations. The applica- 
tion of AORD and CD yields valuable information on the confor- 
mations of biopolymers and their changes. 

Far away from the region of absorption the reduced rotation of the 
monomer for any molecular system can be expressed in terms of the 
sum of one-term Drude formulas (cf. formula 5.27): 


~ 43 
m' = y\ (5.38) 


Ilere 4 is the wavelength of the incident light; A; and a; are constants. 
Approximately, Eq. (5.38) is replaced with a one-term Drude for- 
mula: 


~, NM . 
m' = ry (5.39) 
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This formula describes well the optical rotation of polyamino acids 
in a coiled state if 4, = 268 nm. For the a-helix one can use the 
Moffitt formula 
~ (a) 4 (a)y4 : 
1 ay NG bo "ho 
m= 12 — AB + Ga! 2)2 (5.40) 
where a and b{*) are constants. The second term characterizes the 
contribution of the “second chirality”. Formula (5.40) should be 
considered empirical. The agreement of formula (5.40) with experi- 
ment for the a-helix is obtained at A, = 212 nm and at b@® = 
= —630, and a) = 630-650. For a partially helical protein 
ay =a + 2,05 
where a{#@) characterizes the rotation due to amino acid residues; 
z,, is the fraction of helical portions. We obtain 
et 7 ( M (a) ( a4 
m = at aya + Le (as at i +5 ” aap | (5.41) 


Expanding the first term into a series in (A? — A2)-! and retaining 
the second term, we obtain 


) (a) AG 
aa tigi + te (af at Re pray + x mop) 
(5.42) 


Usually 0{?) is small and lies within the limits of +50. The quantity 
a#@) is found from data on rotatory dispersion for denatured pro- 


teins. In order to find x, one has to construct a plot of m’ (A7/A2 — 1) 
against (A7/A2 — 1)~1. This gives a straight line with slope of Lab; 
the intercept on the ordinate equals a(24) + x,a(4). Thus, the value 
of x, is determined by two independent methods. It should be noted 
that the presence of aromatic residues has an appreciable effect on 
the values of the constants in the Moffitt equation. The degree of 
helicity x, determined in this way for a number of proteins is in 
good agreement with the results of other polarimetric determinations 
(with the aid of one-term or two-term Drude formulas). This quantity 
agrees also with data obtained by X-ray structure analysis. 

The rigorous quantum-mechanical theory of optical activity for 
homopolymers is concerned with the resonance splitting of the 
electronic energy levels of monomers into a zone—exciton splitting 
(see page 155). The calculation of rotational strengths depends on 
whether the 0 —j transition under consideration is a “strong” 
optical transition with large py; but small mj, or a “weak” transition 
with small po; but large mjy. For “strong” transitions the exciton 
contribution can be singled out, which is due to the interaction of 
excited levels in various monomers. The sum of the exciton rotational 


ay =af ~ as zt of” 
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strengths over all monomers is equal to zero—these contributions are 
“conservative”. The non-exciton contributions due to the interaction 
of level j with other levels, to which transitions are allowed, do not 
satisfy the condition of conservatism. Figure 5.17 shows typical 
AORD and CD curves of exciton and nén-exciton interactions for 
conservative and non-conservative contributions. For the a-helix 
the non-exciton contributions are considerably smaller than the 
exciton contributions: the theoretical CD curve for an a-helix with 


Nonexciton Exciton 
transition transition 


Fig. 5.17. AORD curves (solid lines) and CD curves (dotted lines) for exciton 
and nonexciton contributions. 


a length of 20 turns has three extrema in the region of n > x* tran- 
sitions (see page 155) with exciton contributions to R (in 10-* erg-cm) 
equal to —221, 321, —100 (their sum is equal to zero) and non- 
exciton contributions equal, respectively, to 3.8, —8.6, and —17.1. 

Another regular form of the polypeptide chain, the B-form, is in 
principle also described by the Moffitt formula, but with a small 
value of by. Experiment and calculation give b{) = —30. A detailed 
analysis of CD in the region of the > x* transition shows that a 
non-exciton contribution prevails for both the parallel and the 
antiparallel B-form. Figure 5.18 presents the AORD and CD curves 
for L-polypeptides in different conformations. 

In order to understand the optical activity of nucleic acids, one 
las to consider the phenomenon of the induced optical activity (IOA). 
Symmetric (i.e., achiral) molecules of dyes, being attached to a- 
helical polypeptides, show AORD and CD in the regions of absorp- 
tion. This effect disappears on denaturation of an a-helix-dye com- 
plex. The effect is accounted for by the interaction of the dye molecule 
with a peptide residue near the asymmetric centre. The same beha- 
viour is also shown by the JOA of prosthetic groups and coenzymes. 
The AORD and CD in the absorption region of pyridoxal phosphate, 
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the coenzyme of aspartate aminotransferase (page 200), have furnished 
information on the structure of the active site of this enzyme. Figure 
5.19 presents the AORD curves of deoxyhemoglobin, oxyhemoglobin, 
and carboxyhemoglobin in the absorption regions of the prosthetic 
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Fig. 5.48. AORD and CD diagrams for L-polypeptides in various con’ Wy tions 
PtP | 
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us 5.49. AORD curves for deoxyhemoglobin (1), oxyhemoglobin (2) and carbo- 
xyhemoglobin (3). 


heme group, which is itself symmetric (see page 53). The chirality 
of a biopolymer is responsible for the optical asymmetry of the 
electron shell of the chromophore. In the rigorous theory of induced 
optical activity one has to deal with the oscillations of atomic nuclei 
and to arrive at a solution of the electronic-vibrational problem. 
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The optical activity of nucleosides, nucleotides, DNA, and RNA 
is characterized by AORD and CD in absorption regions near 260 nm— 
the absorption bands of nitrogenous bases. These bases are planar 
and exhibit no chirality, and AORD and CD result from the addition 
of bases to chiral sugars. Hence, 
these effects are determined by 
the induced optical activity. A€ 
Indeed, the replacement of 25 
B-ribose or B-deoxyribose by the 
corresponding a-compounds 
changes the sign of the effect. 0 

The rotational strength R; 
(5.28) is a tensor rather than 
ascalar quantity; it has different ~25 
values in different directions in 
the molecule. Under ordinary 
conditions in a liquid one meas- “aan Acy 
ures the R; value averaged over why 
all directions. There have been fig. 5.20. The Ae, and Ae‘ curves 
measured the anisotropic values for a DNA-proflavin complex. 
of R; for complexes of DNA with 
dyes and antibiotics. The method 
consists in the orientation of DNA molecules during flow through 
an optical cell consisting of a set of capillaries. Circular dichroism 
is measured twice—without orientation when 


Ac =-4 (Ae, + 2Ae,) (5.43) 


and with orientation of DNA molecules when 
Agor = (1— q) Ae + gAe| (5.44) 


Here Ae and Ago, are the measured amplitudes of CD; Ae, and Ae, 
are the values of CD along and across the double-helix axis; q is the 
degree of orientation determined from linear dichroism of DNA. 
Figure 5.20 shows the Ae, and Ae, curves for a DNA-proflavin 
complex. It is interesting that these quantities have different signs 
and, hence, the measured value of Ae is a small difference of two 
large values. A study of the anisotropy of the rotational strength 
yields valuable information on the structure of biopolymers and 
their complexes. 

In an oriented system the symmetry conditions are specific— 
molecules that have planes of symmetry but are devoid of a centre 
of symmetry are capable of displaying optical activity. This is 
“hidden” optical activity which reveals only upon orientation. It was 
discovered in studying DNA and RNA complexes (Makarov and 
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Poletaev). It has been established that the dye molecules in the 
complexes are perpendicular to the double-helix axis of nucleic 
acids. 


5.8. Magnetic Optical Activity 

In 1845 Faraday wrote in his diary: “... at last I have succeeded 
in my attempts to magnetize and electrify a beam of light and 
illuminate a magnetic field line.” Thus was discovered the magnetic 
rotation of the plane of polarization of light propagating along the 
direction of the magnetic field. This phenomenon was called the 
Faraday effect. What was written by Faraday in his diary has only 
a figurative meaning—the magnetic field acts not on the light but 
on the substance that exhibits circular birefringence in the field. The 
Faraday effect—magnetic optical rotation (MOR) and magnetic cir- 
cular dichroism (MCD)—has relatively recently found important 
applications in molecular biophysics. 

The angle of rotation @ defined by formula (5.14) is proportional 
to the magnetic field strength H (Becquerel’s formula): 


P=> (nr—Np) =I 1H (5.45) 


where Y is the magnetic rotation constant (the Verdet constant). 
In classical electronic theory, the Faraday effect reduces to the 
Zeeman effect. An electron, which is regarded as a harmonic oscilla- 
tor, oscillates in the absence of a magnetic field with a circular 
frequency wp». In a magnetic field directed along the light beam, a 
spectral line of frequency wy is split into two, left- and right-circularly 
polarized components. The splitting is equal to 2 | wz], where wy 
is the circular frequency of the Larmor precession: 

jp (5.46) 


2mec 


(e and m, are the electron charge and mass and c is the light veloc- 
ity). 
Circular birefringence is defined as follows: 


An=ny—np=(3) 2)onl=22 (2) _. (5.47) 


00 /H=0 Mec 
or 
On eH 
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where A is the light wavelength. Hence, 
eH On 
0=seor (Fe) neo! (5.49) 
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2mec? \ 04 / H=0 
We have just obtained Becquerel’s formula (5.45). It agrees approxi- 
mately with experiment in a region far away from absorption bands 
for diamagnetic substances. 

The true theory of the effect can only be constructed on the basis 
of quantum mechanics. Under the influence of a magnetic field 
several phenomena occur. First, the ground energy level of the 
electronic system is split—instead of m) we have a, = Wy — Yo 
and @p = @ ) + yoH, where yo = On/H. Second, for the right 
and left waves there appear different transition probabilities, i.e., 
extinction coefficients are e, = ¢ (1 + bH) and ep = « (t — DA). 
Third, the excited levels are also split: o, = @) — y-H and wp = 
= @) + y-H. If the molecules are paramagnetic, then the field H 
changes the populations of the sublevels of the ground level—the 
difference in populations gives the factors 1 and 1 — 2y,H/kT. 
We obtain (f {x} is a function of z) 


&;, = & (1 + dH) f {w — (yo + Ve) H} (5.51) 
Ep = & (1— bA)/f {o Fea (1 — 2y)H/kT) 


and, expanding Ae into a series in H and retaining only the linear 
terms, we find 


Ne=2eH { — (y+ ye) GO + (+42) Fw) }= 
=Ay+A,+B+C/kT (5.52) 


The origination of MOR and MCD is illustrated in Fig. 5.21. In the 
absence of a magnetic field (Fig. 5.21a) there are two electronic 
transitions from the nondegenerate ground level E, to a doubly 
degenerate excited level E,. The frequencies of the transitions corres- 
ponding to the right and left waves and the corresponding refractive 
indices and extinction coefficients coincide and ny, (m) = 7p (@) 
and &; (@) = €p (@). (The mp (@) and @p (w) curves are shown with 
an opposite sign for convenience.) Figure 5.21b explains the appear- 
ance of an effect of type A,, which results from the splitting of the 
oxcited level E,. The nz (w) and mp (w) curves (and, accordingly, 
the e, (w) and &p (w) curves) shift symmetrically, as a result of 
which there appear a symmetrical curve of An versus w in MOR 
and an asymmetrical curve of Ae versus wo in MCD. Finally, the 
offect of type C (Fig. 5.21c) arises as a result of the degeneration of 
the ground state Ey, the elimination of degeneration by the magnetic 
field and the appearance of the difference in populations of the sub- 
levels in accordance with Boltzmann’s law. The C-type effects are 
usymmetric in MOR and symmetric in MCD. 
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The rigorous quantum-mechanical theory gives, in the region 
of absorption, the specific rotation 


AaN x. {Sopetllel— oe 
he h [(o}— 2)? + o?T}]3 


2(oj — w2) 
+a ony (Bit CWkD)} A (5.53) 


where @; = @o,; N, is the number of molecules in unit volume and 
(for: an isotropic medium) 


1 
Ay = % (1M 4j— Moo) Im (Po jPj0) 


4 
By= 7 Im {> ae PojPjn +2 ie PojPho } (5.54) 
: 3 


g (0>j)= — Ajy+ 


1 
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Fig. 5.21. Diagram illustrating the origin of MOR and MCD: 
(a) in the absence of a field; (b) the A-type effect; (c) the C-type effect. 


Formula (5.53) transforms to the expression for the contribution of 
the 0 —+j transition to the rotation far away from the region of 
absorption if we put [; = 0 in it. 

Magnetic circular dichroism is described by the ellipticity 


00 +)—— i 
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(By +C,/kr)\ H (5.55) 

The Faraday effect is in no way connected with natural optical 
activity—it is observed in substances composed of both chiral and 
achiral molecules. When the mirror-reflected light ray is passed again 
through an optically active substance the rotation is compensated 
for and disappears, while the Faraday effect is doubled. 


12-0279 
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Experimental observation of anomalous magnetic rotatory dis- 
persion (AMRD) and magnetic circular dichroism is successfully 
carried out on systems with a strong magnetic rotation at a relative- 
ly weak absorption. Such are, for example, porphyrin compounds— 
heme-containing proteins, chlorophyll, etc. The effect is proportional 
to H and therefore it is especially strong in magnetic fields created 
by superconductors and amount- 
ing to 50,000 gauss and upwards. 
Under ordinary conditions fields 
of up to 20-30,000 gauss can 
be produced. 

The relative values of MCD 
for various organic compounds 
are as follows: about 100 for 
porphyrins, about 3 for annule- 
nes, about 0.2 for purines, and 
about 0.00002 for cyclohexanone. 
The Faraday effect for heme-con- 
taining proteins greatly depends 
on the electronic states of heme 
and on the conformations of the 
protein. Figure 5.22 shows the 
AMRD curves and absorption 
spectra of native oxidized (ferri-) 
and reduced (ferro-) cytochrome 


500 520 540 560 


Fig. 5.22. The AMRD curves and ab- 
sorption spectra of oxidized (1) and 


c. The fine structure of MOR of 
ferricytochrome c is clearly seen. 
No such fine structure is present 
in the absorption spectrum. The 


reduced (2) forms of cytochrome c. 
high sensitivity of AMRD and 
MCD makes it possible to study 
various cytochromes in suspensions of submitochondrial particles 
(see page 445). Absorption spectra do not offer such possibilities 
(Sharonov). 

Some of the applications of the Faraday effect to the study of 
hemoglobin and myoglobin will be considered in Sec. 6.7. 


5.9. Vibrational Spectra 

The frequencies, intensities, and polarizations of lines and bands 
in vibrational spectra give information on the structure of molecules. 
Vibrational spectra are observed either on absorption in the infrared 
region (IR spectra) or on scattering— Raman spectra. Raman scatter- 
ing was discovered in 1928 (Raman, Mandelstam, and Landsberg). 
The possibility of studying molecular vibrations with the aid of 
spectroscopy in the visible region was very promising, but in ap- 
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plication to polymers and biopolymers Raman spectra first proved 
fruitless because of the impossibility of obtaining solutions in an 
optically pure form, without spurious scattering. For a number of 
years the vibrational spectra of biopolymers have been studied only 
as IR absorption spectra; it is only recently that, owing to the 
development of laser technique, IR spectroscopy has been replaced’ 
by Raman spectroscopy. 

The theory of molecular vibrational spectra has been worked out. 
in detail (Volkenshtein, Elyashevich, Stepanov, Gribov). It is based 
on the possibility of studying separately the slow vibrations of 
atomic nuclei and fast electronic transitions which is proved by the 
Born-Oppenheimer theorem. The problem of the frequencies of nuclear 
vibrations is classical. It is solved by taking direct account of molec- 
ular symmetry. The theory of intensities and polarizabilities in 
IR and Raman spectra hinges on the valence-optical scheme, according 
to which a particular dipole moment and polarizability can be as- 
signed to each covalent bond. The dipole moment of the molecule 
is the vector sum of the dipole moments of the bonds, and the polar- 
izability of the molecule is the tensor sum of the bond polarizabil- 
ities. The intensity of a particular band in an IR spectrum is deter- 
mined by a change in the dipole moment of the molecule at a given 
normal vibration; in the Raman spectrum it is determined by a cor- 
responding change in polarizability. 

A molecule consisting of N atoms has 3N — 6 normal vibrations. 
(a linear molecule has 3V — 5 normal vibrations). Since the atoms 
in the molecule are linked to one another, they all participate in each 
of these vibrations. Situations may occur in which the contribution 
of a certain covalent bond, atom or group of atoms to a particular 
normal vibration is greater than that of the remaining bonds and 
atoms. Such a vibration is characteristic of a given atomic group; its. 
frequency and the intensity of the IR band or of the line in the Raman 
xpectrum depend but slightly on the remaining atoms in the molecule. 
Thereby, the presence of a characteristic spectral band or line is. 
«vidence of the presence in the molecule of the corresponding group. 

The IR spectra of proteins and polypeptides show the bands of the 
nunide group, i.e., the peptide linkage —CO—NH—. The investi- 
uation of low-molecular-weight amides, in particular methyl acetamide 
(1l,;C—CO—NH—CH,) and related compounds, and theoretical 
tnlculations have led to the deduction of the vibrational characteris- 
tles of the amide group (Table 5.2). 

The shapes of the vibrations listed in Table 5.2 are shown in 
lig. 5.23. The IR bands A, B, I, and II are’sensitive to hydrogen 
honds, whose presence causes a considerable decrease in frequency 
and expansion of the bands. 

In considering the spectra of polymers it is necessary to take 
into account the interaction of vibrations in individual monomeric 
ine 
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units. An ordered polymer is similar in this sense to a molecular 
crystal, whose spectrum displays only those vibrations which are 
in phase in all the elementary cells. The bands of the amide group, 
in particular, amide I and amide II, prove to be characteristic of 
the a-helix, B-form, and disordered form of the polypeptide chain. 
This is shown in Table 5.3. 

The spectra of solutions or unoriented films do not give infor- 
mation on vibration polarizations. On the contrary, the polari- 
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Fig. 5.23. The modes of normal vibrations of the amide group in N-methylace- 
tamide (M is the methyl group). 


zation of vibrations is directly observed in investigations of proteins 
or polypeptides in anisotropic media (in oriented films and fibres) 
by means of polarized IR radiation. Infrared dichroism is measured, 
which is characterized by the ratio of the extinction coefficients 
measured for radiation with the direction of the electric vector of 
the light wave being parallel and perpendicular to the chosen 
direction. 

Thus, IR spectra can be used for the determination of the secondary 
structure of a protein, for the study of the ionization of amino-acid 
residues and, what is especially important, for the study of tho 
kinetics of deuterium exchange. 
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Table 5.2. The Characteristics of Vibrations of Amide Groups 


Band Brecmeneys Mode of vibration ° Bartiotnao ms ate 
Amide A 3300 
Amide B 3100} « N-H@) 
Amide I 1597-1672 C=O (v) C=O (v) 0.8, 
C—N (v) 0.1, 
—NH (8) 0.1 
Amide II 1480-1575 | —NH (6) in-plane, —NH (8) 0.6, 
C—N (v) C—N (v) 0.4 
Amide III 1229-1301 C—N (v), —NH (6) in- C=O (v) 0.1 
plane C—N (v) 0.3, 
N—H (v) 0.3 
Amide IV 625-767 O=C—N (6) in-plane O=C—N (6) 0.1, 
O=C—N (6) 0.4, 
the rest 0.6 
Amide V 640-800 —NH (6), out-of-plane 
Amide VI 537-606 —CO (6), out-of-plane 
Amide VII 200 Torsional vibration 


about the C—N bond 


v denotes valence vibration, i.e., bond stretching. 
6 denotes deformation or bond-bending vibration, in which the valence angle is 


changed. 


Table 5.3. The Band Characteristics of Amide I and Amide II 


Conformation 


Frequency, cm-1! 


Vibrational mode 


amide I amide II 

lisordered Vo 1658 1520 
Antiparallel vy 1658 (w) 1530 (s) 
f-Form v, 1632 (s) 1510 (w) 
va 1668 (vw) 1550 (w) 
Varallel v1 1648 (w) 1530 (s) 
(\-Form vi 1632 (vw) 1530 (w) 
a-Helix v1 1650 (s) 1516 (w) 
VI 1646 (w) 1546 (s) 


Notes: (Ss) means strong, (w) weak, and (vw) very weak bands in the IR spectrum; | 
wud 1 are bands corresponding to vibrations of the dipole moment which are paral- 
Wel and perpendicular to the polymeric chain. 
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The IR spectroscopy of nucleic acids is less informative and is 
not practically employed. 

The application of IR spectroscopy in the physics of proteins has 
lately been considerably reduced. Other methods (notably CD) prove 
to be more efficient for the elucidation of the secondary structure 
of proteins. Laser Raman spectroscopy allows one to obtain very 
detailed information on the structure of proteins and other biologi- 
eally functional substances. There are obtained excellent Raman 
spectra for solutions, crystalline and amorphous substances, and 
also for substances in the gaseous phase. The most interesting results 
are obtained with the aid of resonance Raman scattering (RRS). In 
this case, the wavelength of the scattered laser light enters the region 
of natural absorption of the chromophore of a biological molecule. 
The RRS intensities are very high, a fact which allows one to study 
biological molecules even at very small concentrations. The RRS 
method has been used to study heme-containing proteins, chloro- 
phyll, enzyme-substrate complexes, etc. 

If a molecule does not contain a chromophore required for RRS 
to be observed, then a chromophore can be introduced as a label by 
means of chemical or nonchemical binding. 


5.10. Nuclear Magnetic Resonance and Electron Paramagnetic 
Resonance 

The spectra of nuclear magnetic resonance and electron para- 
magnetic (or spin) resonance (NMR and EPR or ESR) are widely 
employed in biophysics. Let us consider the essence of magnetic 
resonance. 

We place a particle with a magnetic moment u in a uniform mag- 
netic field of strength H,). The magnetic moment will experience 
precession about the field direction (Fig. 5.24a) with a frequency 
proportional to H, (cf. formula 5.46): 


@p = pH = + Hy (5.56) 


where p is the angular momentum of the particle (say, the electron 
spin). We subject the precessing particle to the action of a low 
variable magnetic field H, directed at right angles to H). The linearly 
polarized field H, can be split into two circular components (page 162). 
One of these components coincides in direction with the precession. 
If the vibrational frequency of H, coincides with wo, a resonance 
appears, a strong absorption of the #7, wave. This phenomenon was 
discovered by Zavoisky in 1945. 

Such is the elementary classical description of the effect. Quan- 
tum mechanics shows that the energy levels of a particle possessing 
a magnetic moment are split in a magnetic field. We shall begin with 
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NMR. Atomic nuclei whose mass or atomic number is odd have 
a nuclear spin and, hence, a nuclear magnetic moment. The nuclear 
spin is equal to zero for #C, ‘60, etc., and is different from zero for 
H, D, #8C, °F, etc. 

If 7 is the nuclear spin number, the corresponding magnetic mo- 
ment is equal to [J (I + 1)]!/? yh, where yh = guy is the gyromagne- 
tic ratio, g is the splitting factor, and wp is the nuclear magneton. 
In the magnetic field Hy, as a result of a Zeeman splitting (see 
page 174), there appear 2J + 1 
levels with energies 


E = —yhH ym 
(m=TI, T—1,...,—) (5.57) 
The distance between neighbour- 
ing levels equals yHofi. For a 
proton J = 1/2 and in the field 
Hy two levels appear, which 
correspond to the parallel and 
antiparallel directions of the spin 
(Fig. 5.24b). Resonance occurs at 
hoy = yhHy = Hy (5.58 
o = YAH, = gol ( ) (a) ) 
where 
ee ma = 5.05 x 10° erg/G Fig. 5.24. Schematic representation 
p 


of paramagnetic Tesonance: 


(a) the classical 'model and (b) the quan- 
(5.59) tum-mechanical model. 


where e is the charge of the proton 

and my is its mass. The g-factor 

for the proton is equal to 5.58. If Hy = 10,000 gauss, the resonance 
frequency for protons is 42.6 MHz, which corresponds to the radio- 
wave range. 

At a given temperature 7 the number of protons at the lowest 
level is larger than that at the upper level. The ratio of the populations 
of the upper and lower levels at equilibrium is expressed by the 
Boltzmann factor (see page 175): 


exp (—hOo/kT) = exp (—guoHo/kT) ~ 1 — gyoH,/kT (5.60) 


The exponential factor is replaced by the first two expansion terms, 
xince guopH) < kT at T = 300K and ordinary values of Ho. At 
1, = 10* gauss the Boltzmann factor is 1-14 x 10-°. 

When a radiofrequency field H, is switched on, there occur tran- 
sitions from the lower to the upper level (absorption) and vice versa 
(emission). If the probabilities of both processes are equal, the levels 
must be rapidly saturated—their populations become the same and 
absorption is stopped. This is not actually observed, however, since 
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the nuclear spins are capable of giving off their energy even without 
radiation. A relaxation process takes place, which makes the spin 
system revert to the equilibrium state, to which there corresponds 
the Boltzmann distribution. It results from the interaction of nu- 
clear spins with the lattice, i.e., with other nuclei in a state of thermal 
motion. When the field H, is turned off, the energy released is con- 
verted into thermal energy of the lattice. The change in level popu- 
lations that occurs after the field H, has been switched off is described 
by the equation 

An (t) = An (0) exp (—t/T}) (5.61) 


where An (2) is the excess of protons at time ¢ at the upper level as 
compared with the equilibrium population; An (0) is the excess of 
protons at the moment when the field is switched off (¢ = 0); 7, is 
the spin-lattice relaxation time. The time 7, depends on the concen- 
tration of magnetic nuclei in the substance, on the mobility of 
molecules and temperature. In crystals 7, is of the order of minutes; 
in gases and liquids it is of the order of seconds and less. In the 
presence of paramagnetic impurities 7, can be reduced to 10-4 s. 
The width of the NMR spectral line is the larger, the shorter is the 
lifetime of the nucleus at a given energy level. The spin-lattice 
relaxation makes a contribution to the linewidth of the order of T;*. 

There is a second process—the spin-spin interaction of magnetic 
nuclei. Apart from the field H, each of the spins is acted on by a local 
field created by the neighbouring nuclei and equal to 


Aioc =e (3 cos? 0 — 1) (5.62) 


where r is the separation of the nucleus from a given point; 0 is the 
angle between p and r. The resonance condition therefore has the 


form 
Oo = Y (Ho + Moc) (5.63) 


rather than the form of (5.56), which is valid for an isolated spin. 
The order of the quantity H),, is a few gauss. The spin-spin interac- 
tion makes also a contribution to the linewidth due to the field 
inhomogeneity and the energy exchange between the protons, which 
is determined by this interaction. The spin-spin relaxation time T, 
in solids is much longer than 7, and the linewidth is determined only 
by T,. In nonviscous liquids 7, is of the same order of magnitude as 
T, and the linewidth is fractions of Hz. 

The NMR spectra for liquids and solutions contain a series of 
narrow lines corresponding to structurally nonequivalent protons. 
For example, the spectrum of 1,1,2-trichloroethane, CIH,C—CHCI,, 
at moderate resolution shows two lines corresponding to the protons 
of the CH, and CH groups with an intensity ratio of 2:4. This 
occurs due to the screening effect of the electron environment of tho 
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nucleus on its spin. The electrons precess in a direction opposite: 


to the nuclear precession and create a secondary field H’ = —oH,. 
The nucleus is acted on by an effective field: 
Het =H, +H’ =(1—0) Hy (5.64). 


where o is the screening constant. Its value is different in different 
directions in the molecule, i-e., o is an anisotropic quantity. In a 
liquid it is averaged. 

The position of the NMR spectral line relative to a certain reference: 
line is called the chemical shift. The usual standard compound for 
the proton resonance of organic compounds is tetramethylsilane, 
(CH;),Si, and for aqueous solutions of biopolymers 2,2-dimethy]-2- 
silanepentane-5-sulphonic acid is used as the standard. The chemical 
shift is expressed by the ratio of the shift of the field frequency to- 
the standard value multiplied by 10°: 

Bae O84 OF 4G (5.65). 
Wo Hy 
In biopolymers, the value of 5 ranges from —0.5 to —2.0 for aliphatic 
protons and from —6.0 to —8.5 for aromatic protons, etc. 

At high resolution the NMR lines show a hyperfine (multiplet)- 
structure. It arises from an internuclear magnetic interaction trans- 
mitted through bonding electrons, i.e., an indirect spin-spin interac- 
tion. For instance, in CIH,C—CHCI, the proton of the CH group. 


may be in two states—one with spin + + and the other with spin 


—F- Therefore, the line of the protons of the neighbouring CH, 


group is split into two lines. In the CH, group there are possible. 
three; nonequivalent states of a pair of protons: + $ ,+ + s+ + ; 


a ,t i — + — + . The line of the proton of the- 
CH group experiences a triplet splitting (Fig. 5.25). 

The study of chemical shifts and the hyperfine structure yields 
quantitative information on the arrangement and interactions of 
atomic nuclei. Using high-resolution instruments (powerful super- 
conducting magnets, the frequencies being of the order of 300 MHz 
upwards) one can resolve a multitude of overlapping proton reso- 
nance lines in proteins. Here the selective deuteration of the protein 
is also essential. The methods of NMR have been successfully em- 
ployed for investigations of the conformational properties of bio-- 
polymers, interactions of proteins with pharmacological substances, 
«nzyme-ligand, antigen-antibody, and other types of interaction. 
The possibilities of NMR spectroscopy in molecular biophysics are- 
unlimited. 

Nuclear magnetic resonance on *4P and C is also effectively used. 
for the study of living cells and tissues. It is possible to separate. 
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weak signals from the background with the aid of the methods of 
Fourier transformation. For this purpose, use is made of a powerful 
radiofrequency pulse which excites simultaneously the entire reso- 
nance spectrum, whose individual frequencies are sorted out by means 
of computers. This method has been used to study phenomena in a 
living muscle—the changes in the concentration of ATP and creatine 


8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 


$, ppm 


Fig. pee The hyperfine structure of the proton resonance spectrum of CIH,C— 
Dé 


phosphate during muscle contraction (see Sec. 12.3). The position 
of the *4P peak of inorganic phosphate in the cardiac muscle depends 
on pH and is therefore shifted in the case of cardiac insufficiency. 
This opens up wide possibilities of using NMR in cardiology. 

We shall now consider electron paramagnetic resonance (EPR), 
which is also called electron spin resonance (ESR). An electron has 


spin $i its energy level in a field H, is split into two levels with a 
distance between them corresponding to the resonance condition 


(cf. formula 5.58) 

Roo = gus, (5.66) 
where ug is the Bohr magneton which exceeds the nuclear magneton 
by 1836 times: 

Up =a =0.93 x 10° egr/G (5.67) 


2mec 


where m, is the electron mass. For a free electron g = 2.0023. In 
the field H, = 104 gauss the resonance frequency v, = 2.8 x 101s! 
{vp = 4.26 x 107 s-4). 

In the overwhelming majority of organic compounds the electron 
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spins are compensated and no ESR is present. ESR is observed in 
free radicals and in molecules with an odd number of electrons. Here 
ESR gives essential information on the electronic structure of the 
system. The ESR lines undergo hyperfine splitting due toa local field 
created by the magnetic moments of nuclei. For example, 14N has 
a magnetic moment of unity and, hence, the projections of the 
nuclear spin on the direction of the field Hy correspond to the values 
of the magnetic quantum number m = 1, 0, —1. The local field that 
acts on the electron of a free radical that is near the nucleus of 4N 
has three values and the ESR peak is split into a triplet. 

A so-called fine structure appears in crystals due to the g-factor 
anisotropy. Instead of a single line there are observed a group of lines, 
whose positions and intensities depend on the orientation of the 
field H, relative to the crystal axes. In liquids no fine structure is 
observed. 

The linewidth in the ESR spectrum is determined, just as in 
NMR, by the spin-spin and spin-lattice relaxation. The times 7, 
and 7, depend on the mobility of particles with nonzero spins (T,) 
and on the mobility of surrounding molecules (7,). The spin-spin 
relaxation time T, is nearly independent of temperature and is deter- 
mined by the concentration of paramagnetic particles. The time 7 
increases as the temperature drops. 

Electron spin resonance is employed for the solution of many 
problems of biology and biophysics. Free radicals are formed in a 
number of enzymatic redox processes; under the action of radiation, 
etc. ESR provides very valuable information on these processes. 
SR is very important for the study of proteins that contain, as 
cofactors, metal atoms with uncompensated spin (hemoproteins; 
see Sec. 6.8, etc.). The ESR studies of biopolymers based on the 
spin-label techniques have found wide application. To a biopolymer 
there is added a stable free radical containing an unpaired electron. 
Especially convenient are iminoxyl radicals 


‘The spin-label is sensitive to its environment; its ESR spectrum 
depends on the conformational state of a biopolymer. The mobility 
of the label is associated with the local mobility of the biopolymer 
and with the mobility of its molecule as a whole. Important specific 
features of the structure and dynamics of protein molecules have 
heen established through the use of spin-labels. The probing of a 
molecular or supermolecular biological system with the aid of spin- 
levels is similar to the use of luminescence labels (page 161). Often 
the two methods are profitably combined. 


Chapter 6 Physics of Enzymes 


6.1. Chemical Kinetics and Catalysis 

The most important function of proteins is to act as enzymes. En- 

zymes serve as catalysts in all biological reactions. A catalyst acceler- 

ates the rate of a reaction but is not consumed in the overall process. 
The rates of chemical reactions usually greatly depend on tem- 

perature. Empirically, this dependence is expressed by the Arrhenius 

formula for the reaction rate constant (see page 22): 


k= Aexp (— E*/RT) (6.1) 


where £*, the energy of activation. characterizes the energy barrier 
that must be overcome by the system for the reaction to occur. The 
dependence of k on E+/RT follows from the Boltzmann distribution 
among energy levels; the exponential indicates the fraction of mole- 
cules that possess sufficient energy E* for the reaction to take place. 
The constants & determine the reaction rates. For a reversible reaction 

hy 

A=>B 
Rey 


the rates are given by ([{A] and [B] are the concentrations): 


v=k, [A], and v=k,[B] (6.2) 

At equilibrium v =v and the equilibrium constant is defined by 
_ [Bleq ky 

PCr lag sk (6.3) 


The subscript “eq” indicates an equilibrium concentration. The free- 
energy difference between reaction products and reactants is equal to 


AG = —RT |In K = AH — TAS (6.4) 
where AH is the enthalpy change and AS is the entropy change. The 


reaction is possible only if AG <0, i.e., if the free energy is de- 
creased. However, this condition is necessary but is still insufficient 
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for the reaction to occur. The energy of activation E + may be so great 
that the rate constant is vanishingly small and the reaction does not 
proceed. The catalyst serves to lower the activation barrier. 

The meaning of the Arrhenius formula,is disclosed in the theory 
of absolute reaction rates (the transition-state or activated-complex 
theory) proposed by Eyring. 

It is assumed that the occur- 
rence of the reaction does not 
upset the Boltzmann distribution | 5 be 
of molecules over states with 
different energies. For the reac- 
tion to proceed it is necessary 
that an energy barrier be sur- 
mounted. Figure 6.1 shows the 
profile of free energy for a certain 
process: AG = G, — G, is the 
free-energy difference between 
the initial state 1 and the final 
state 2; Gt is the free energy of 
activation in the process 1+» 2. Fig. 6.1. The ‘free-energy profile for 
Let us find the number of systems a chemical reaction. 
which are in a certain interval 6 
of the reaction coordinate & at the 
top of the energy barrier. The reaction rate is the number of systems 
that pass over the barrier per unit time. The mean velocity of the 
system is given by 


{ v exp (—mv?/2kT) dv 

pe +) ' (6.5) 
§ exp (—mv?/2k7) dz 
it) 


We have made use of the Maxwell-Boltzmann distribution over kine- 
tic energies, mv?/2. The reaction rate, i.e., the number of jumps over 
the energy barrier per unit time is given by 
co kt tre 
v=40=4 (sar) (6.6) 
where c’ is the number of systems in unit volume within the inter- 
val 6. At the same time we have 


v=keacg... (6.7) 
where ca, Cg, ... are the concentrations of the reactants. From 
Eqs. (6.6) and (6.7) it follows that 

c’ kT \1/2 4 ,{ kT \t/2 4 
~ CACR... ‘e) pak (sar) 6 (6.8) 
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Here K’ is the equilibrium constant for the passage of reactants 
A, B,. . . toan activated state. The equilibrium constant is expressed 
n terms of partition function (sums over states): 


Z =) exp (—E,/k7) (6.9) 


where E; is the energy of the ith state of the system. Summation is 
carried out over all states. In our case, 


r Zac . 
K =o. (6.10) 
where Z,,, Za, Zp, . - - are the partition functions for the activated 
complex (the transition state) and the reactants A, B,..., respec- 


tively. For the translational motion of a particle the set of states is 
continuous; the partition function (6.9) is replaced by an integral, 
which is equal to 


Zu = 83 Ee (6.11) 


where h is Planck’s constant and m is the mass of the particle. We 
assume the volume occupied by the particle to be equal to 5%; Z;, is 
fhe partition function with respect to three translational degrees of 
treedom. But as the system has only one degree of freedom—along 
the direction of the reaction, we obtain: 

S . QumkT) \ 1/2 

Za0= Tied (=R)) (6.12) 
where Zi, is the partition function for; the activated complex over 
all degrees of freedom, except the translational degree of freedom. 
From Eqs. (6.8), (6.10), and (6.12) we obtain: 

_ kr Zac 
ka ZAZB--- (6.13) 

The conditional length 5 is reduced. The statistical quantities are 
directly associated with thermodynamic quantities. We have 


Z = exp (—G/RT) (6.14) 


and, hence, 
ha exp (—G'/RT) = 
~ —h exp(—Ga/RT) exp(—Gp/RI)... 
+ 
__ kr G’—Ga—Gp—...\__k Gt 
=—Z exp (—S SAT Bo) = exp (—aar) (6.45) 
Here Gt is the excess free energy of the activated complex as com- 


pared with the total free energy of the reactants, i.e., the free energy 
of activation. 
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In the derivation of expression (6.15) it is assumed that the system, 
having reached the activation barrier, is necessarily made to undergo 
a chemical transformation. This may not take place, however. Intro- 
ducing an additional factor—the transmission coefficient x < 14, 
we obtain the final expression for the rate constant of a homogeneous 
gaseous reaction—the oe formula: 


k=% AT exp (S*/R) exp (— H'/RT) (6.16) 


where S* is the entropy of; activation and + is the enthalpy of acti- 
vation. The value of x = 1 corresponds to an adiabatic reaction, 
i.e., to a process in which the parameters of the mechanical system 
change slowly. In a chemical reaction such parameters are the posi- 
tions of atomic nuclei. With each of the configurations of the nuclei: 
the electrons move as though the nuclei remain fixed. If the process 
is nonadiabatic, x < 1 and may assume values of the order of 10-5. 
The x values observed in gas-phase reactions are mostly close to 
unity, i.e., these reactions proceed adiabatically. The factor kT/h 
at ordinary temperatures is of the order of 10'* s-}. 

Let us compare the Eyring formula (6.16) with the Arrhenius for- 
mula (6.1). If the enthalpy of activation is identified with the activa- 
tion entropy, the pre-exponential term will be given by 


A=x—~2 exp (S*/R) (6.17) 


The values of the activation parameters are determined from the 
temperature dependence of &. _ % = 1 we have 


+ 
k7 Ht : 
mea Sef in a (6.18 

The second term depends but slightly on 7 and may therefore be 
neglected. We obtain the linear dependence of In & on 1/7. From 


the slope of the straight line we find H+; the value of S* is found 
from the ordinate intercept. The nonlinearity of the dependence of 
In & on 7-1 is an indication of the complexity of the process, i.e., 
it shows that the process becomes cooperative. In such a process 
the free energy of activation is not constant and depends on the 
number of systems that have reacted and, hence, on 7. Suppose we 
ure riding in an overcrowded bus and it is time for us to get off. At 
first it is difficult to do so: a large energy of activation is required. 
As the number of people that have left the bus increases, this energy 
ix diminished. This is a spectacular example of cooperative kinetics. 

Calculations of rate constant by formula (6.16) can be carried out. 
only for the simplest gas-phase reactions. 

It should be emphasized that h/kT must not be treated as the 
lifetime of the activated complex because it leads to a contradiction: 
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a statistical equilibrium cannot be set up in 10-18-10-1* s. The life- 
time of the system in a state corresponding to the values of reaction 
coordinate from & to € + 6 is actually proportional to 5. This time 
must be treated in the same way as the lifetime of states dealt with 
in the Maxwell-Boltzmann theory. From the smallness of h/kT one 
cannot conclude that the equilibrium between the activated complex 
and the reactants cannot be established. The term “activated com- 
plex” refers to the states of an atomic system that undergoes trans- 
formations and does not imply the existence of a metastable complex, 
which can be studied by chemical and physical methods. 

The Eyring theory is applicable to gas-phase chemical reactions 
and also to physical kinetic processes (viscous flow, diffusion, etc; 
-cf. page 427). This theory cannot, however, be used in dealing with 
reactions taking place in solutions. 

Let us now turn to catalysis. As has already been said, the role of 
a catalyst is to lower the free energy of activation and, hence, to 
increase the rate constant of the reaction. Two types of catalysis 
are distinguished: heterogeneous and homogeneous. In the first case, 
the catalyst forms a separate phase, and the reaction takes place 
at the interface between the phases. The process begins with adsorp- 
tion of the reactants at this interface, say on the surface of a solid 
catalyst, which speeds up the reaction in a gas or a liquid. The 
adsorption is accompanied by a change in the electronic structure 
of the reactants and by a decrease in the free energy of activation. 
After the reaction has gone to completion the products are desorbed 
from the surface. In homogeneous catalysis the catalyst and reac- 
tants are in a single phase, say in a solution. The catalyst forms an 
‘intermediate compound with the reactants which is then decomposed 
‘into the catalyst and reaction products. 

Enzymes function either in solution or in supermolecular struc- 
tures. The sorption of the reactants, called substrates, and|the reaction 
take place on some part of the surface of a large protein molecule. 
In this sense, enzyme catalysis is similar to heterogeneous catalysis. 
But the protein-enzyme and the small molecules of the substrates 
-are present in one phase in solution. There is a strict stoichiometry 
of the interaction—as a rule, one protein globule interacts with ono 
molecule of the substrate or another ligand. The interaction leads 
to the formation of an enzyme-substrate complex (ESC), whose struc- 
ture and properties are studied by physical and chemical methods. 
Enzyme catalysis in solution is a homogeneous catalysis. 

We may regard an enzyme as a “black box” that transforms tho 
input signal, the substrate molecule, to the output signal, the product 
molecule. There are two methods of investigating the arrangement 
and operation mechanism of the “black box”: the study of the molec- 
ular structure of the enzyme and enzyme-substrate complex and 
the study of the kinetics of enzymic reactions. 
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6.2. Kinetics of Simple Enzymatic Reactions 
Let us consider the simplest enzymic reaction involving the con- 
version of the substrate to the product in a one-step process: 
ha keg 
Fy+S — F, — Fy+P 
ae ae 
Here Fy is the free enzyme; S is the substrate; F, is the enzyme- 
substrate complex (ESC); P is the reaction product. The reaction 
rate constants are indicated above and below the arrows. Assume, 
for the sake of simplicity, that we may ignore /_,, i.e., the reverse 
reaction. The kinetic equations have the form (here F;, S, and P 
are the concentrations): 


S= —k,FoS+k Fy 


Fy = kyFoS —(h_s+ hp) Fy (6.19) 
P=—S=hk,F,. 

The total concentration of enzyme is constant: 
Fy + F, = E = constant (6.20) 


Eliminating F, from the second equation of (6.19) with the aid of 
Eq. (6.20), we obtain: 

Fy =k, ES —(k_4 ky +hyS) Fy (6.24) 
‘The system is in a steady state if there is a large excess of the sub- 
strate, S >> EF. As long as the stationary state is retained F, = 0 
(and, of course, F, = 0). We shall illustrate this by an example. 
Suppose we are to lace up our shoes. To do this quickly, we place 
our foot on a chair, which plays the role of a catalyst. The substrate 
is the unlaced-up shoe and the product is the shoe that has been laced 
up; the enzyme is the free chair and the enzyme-substrate complex 
is the foot placed on the chair. If a large number of people are to 
lace up their boots (say, sailors called upon to do so by the alarm), 
and the number of chairs is small, then the number of chairs on 
which the feet are placed will be constant for a certain period of 
time. 

Thus, in the steady state F, = 0 and from Eq. (6.21) we get: 


k,ES 
= Fk Tks nee 


From Eq. (6.19) it follows that 


5 é kk SE 
faa tome el Cake was a (6.23) 


1 0279 
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where v is the reaction rate (or the reaction velocity). Dividing the 
numerator and the denominator by k,, we arrive at the Michaelis- 
Menten equation: 


k,SE 
v= ta Ts (6.24) 
where the Michaelis constant is defined as 
— kitk, 
So aaa Sa (6.25) 


Before we consider this equation let us prove that the stationary 
state is actually realized at S >> E. We integrate Eq. (6.21), assum- 
ing S to be practically constant, i.e., S is treated as a slowly chang- 
ing parameter. At time ¢ = 0 when the enzyme is added to the 
substrate F, (0) = 0 (the enzyme present is free). We have 


k, ES 
la aes ey tee (6.26) 


t= (kat hythS)y* 
The enzyme-substrate complex F, relaxes to a steady-state value 


corresponding to F, = 0 with the time constant t the more rapidly, 
the larger is the concentration of the substrate S. From Eq. (6.26) 
it follows that 


where 


F,=k,ES exp (—t/t) +0 (6.27) 


Substituting the value of F, from Eq. (6.26) and that of F, from 
Eq. (6.27) into the first equation of (6.19), we find that 
é t kk, ES t 

= —k,ES exp ( ——) _ ea Fh TES [1—exp ( ——)] (6.28) 
that is, at ¢ —» oo the value of Ss actually tends to a steady-state value 


(6.23). This is associated with the initial assumption that S changes 
slowly. The relative rate of change of S is really slow at S >> E. 


The quantity S decreases monotonously with time, its maximum 
value corresponding to the initial moment ¢ = 0: 


5 (0) = —h, ES 
The maximum measure of the change of S is therefore 
ZIS (Oe oe 
AS ~ S§ (0) t= rae ea (6.29) 


It is easy to see that at E< S§ 
[AS |< 8S 


At the same time AF, ~ Fy (0) t ~ —AS and AF,/E > | AS |IS. 
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Let us now return to the Michaelis-Menten equation (6.24). The 
dependence of v on S is similar to the Langmuir isotherm (Fig. 6.2). 
The curve has no singularities; the reaction rate tends asymptotically 
to its maximum value at S — co: 


Vmax = k,E (6.30) 
Hence, 
S 
v= aa 5 (6.34) 


At v = 0.5Uma,x we have S = Ky, i.e., the Michaelis constant is 
the substrate concentration at which the reaction rate is equal to 
half the maximum value. 


-~ S$ (b) 


Fig. 6.2. The Michaelis-Menten Fig. 6.3. Schematic representation o 
curve. processes with competitive (a) and 
noncompetitive (b) inhibition. 


Equation (6.31) can be conveniently transformed to the Line-- 
weaver-Burk equation 


Km 1 1 


1 
‘v Umax S Umax (nes) 
Plotting a graph of 1/v against 1/S, we find 1/vmax from the point of 
intersection of the straight line with the ordinate and then the 
constant Ky from the slope of the straight line. The Michaelis 
constant can be represented in the form: 


Ky i k/ky + Kg 
where 
Kgs = klk, 


196 Chapter 6. Physics of Enzymes 


All the three rate constants can be determined if Eq. (6.32) is trans- 
formed with the aid of Eq. (6.30) to the form 
Umax _ Ks Umax 

carries pease KES (6.33) 
At a given value of S the dependence of Umax/v — 1 on Umax is 
represented by a straight line that makes an intercept Kg/S on the 
ordinate and an intercept —1/k,E'S on the abscissa. From the straight 
lines obtained at different values of S and E we can find k,, k., 
and ky. 

We shall now consider the same reaction in the presence of a 
modifier, a substance which brings about a change in reaction 
velocity. If the modifier slows down the reaction, it is called an 
inhibitor; otherwise, it is known as an activator. We designate the 
inhibitor concentration by J. Figure 6.3 presents graphs for the two 
simplest cases of inhibition. In the case of competitive inhibition an 
enzyme forms, apart from an enzyme-substrate complex, an inactive 
complex with J denoted by F,. The inhibitor competes with the 
substrate, being bound with the active site of the enzyme. In non- 
competitive inhibition the complex F, is formed upon interaction of 
the enzyme-substrate complex F, with J. 

The equations of steady-state kinetics at S >> EF and J > E have 
the following form in the first case: 


Fy = —(hyS + kyl) Fy + (hy + ho) Fy +h gF, =0 

Py = kyS Fy — (hg + he) Fa = 0 (6.34) 
F,=k3IF,—k_3F,=0 

E=Fo+F,+F,, v=k.Fy 


Their solutions have the form ‘ 
_ _hyS ae a hyS | hgh 
aay aT Fo, tee. Fy, EB=(1+- 45+ ie) Fo 
and, hence, 
2SRAS. 2 k,SE 
Ur keg! 8 Rees ER MRGL (Or) 


where K, = k,/k-3. The maximum reaction velocity Umax = kf 
does not change, but the velocity at small S falls off. 
For noncompetitive inhibition 


Fy= —KySF ot (ky + he) Fy =0 


F,=k,SFy)—(k, + ke + ks!) Fy, +k3F,=0 (6.36) 


Fy = k,l F,—k_3F,=0 
E=Fy+Fy+F., v=khF, 
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The solution is as follows: 


_ kySE 
° = Ky +S +KySI (G2) 


e 
Here the maximum reaction rate decreases: 


hE 
Vmax = TT (6.38) 
In practice the situation is often more complicated. 

In nonstationary systems the solution of even simple kinetic 
problems requires the use of an electronic computer. Numerical 
solutions give more extensive information about rate constants 
required in complicated cases. 

In fact, even in simple cases the conversion of the substrate to the 
product involves several steps: 


Sorption Conversion Desorption 
7] ee es 
E+S Es EP E+P 
Saale ae Saat Wore clio ree Seen 
Desorption Reverse conversion Sorption 


Here E is Fy and ES = EP was earlier denoted by F,. A study of 
the dependence of rate constants on temperature allows one to 
determine the effective values of 
free energy, enthalpy, and entropy 
of activation. The reaction has a 
complicated profile for these quan- 
tities (Fig. 6.4). They have been 
determined for many processes; it 
has been found that the entropy 
contribution plays a significant 
role. For enzymic reactions the 
quantity G* usually has values of 
the order of 40-80 kJ/mole, H+ is 
of the same order of magnitude, 
and S$ has values of the order of Fig. 6.4. The free-energy curve for 
40-160 J/(mole-K) deg. Recall the reaction fumarate = malate: 

that at 300 K the value 140  F_fumerate: M— malate; FE and ME their 
J/(mole-K) gives a contribution are energies in kJ/mole. 

to the free energy equal to 42 

kJ/mole. The so-called compensa- 

tion effect has been established. The enthalpy changes AZ in processes 
(nking place in aqueous solutions are often proportional to changes in 
entropy AS. The same refers to the activation parameters: H+ is pro- 


portional to St. Lumry assumed that this effect is determined by the 
properties of water: the change in conformation of a protein accom- 
panied by the displacement of water from the active cavity of the 
globule causes a rearrangement of the surrounding water structure. 
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The compensation effect may be important to warm-blooded orga- 


nisms. The smallness of the changes of AG and G? due to compensa- 
tion means a low sensitivity of enzymic processes to temperature 
changes in the environment. 

The values of G+, H+, and S* for enzymic reactions are, however, 
conditional. Kinetic measurements can be made only over a narrow 
temperature range. The activation parameters strongly depend on 
the ionic composition of the medium, pH, etc. Here, the Arrhenius 
equation may not be fulfilled, since the globule undergoes tem- 
perature-dependent structural rearrangements. The above inter- 
pretation of the compensation effect may prove illusory. These ques- 
tions have not yet been resolved. 

The significant dependence of enzymic activity on the pH of 
the medium is determined by the electrolytic nature of the enzyme. 
Enzymic activity, which is characterized in particular by the con- 
staat k,, depends on pH ina bell-shaped manner—A, has a maximum 
at a certain value of pH and falls off with decreasing or increasing 
pH. A number of theoretical models have been proposed which ac- 
count for such a dependence in general outline. A true theory, 
however, requires more detailed information on enzymes than that 
known to us. 


6.3. Chemical Aspects of Enzyme Action 

The characteristic features of enzymic catalysis are the high 
activity and strict specificity with respect to the substrate or a group 
of substrates. 

The molecular activity or turnover number of an enzyme is defined 
as the number of moles of substrate converted per minute by one 
mole of enzyme at a considerable excess of substrate, S > E. The 
properties of enzymes are studied in vitro. Many enzymes have been 
obtained in crystalline form. 

Substrates are small molecules or small groups of large molecules. 
On the contrary, enzymes are macromolecular substances. Hence, 
the substrate interacts directly with a definite small portion of the 
enzyme called an active site. The nature of the active site, i.e., the 
amino-acid composition and sequence, and also of the cofactors (see 
page 51) that enter its composition has been established for a 
number of enzymes. We have already mentioned the enzyme- 
substrate recognition (page 62). The changes in activity that arise 
as a result of a chemical modification of a protein make it possible 
to reveal the functional groups of the active site. Information on its 
structure is provided by optical and spectral methods and also by 
the X-ray structural analysis of complexes of enzymes with com- 
petitive inhibitors, whose structure is similar to the substrate 
structure. 
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The variety of amino-acid residues of the enzyme and of the 
atomic groups of the cofactor determines the polyfunctionality of 
the active site—its ability to bind the substrate and catalytic acti- 
vity. An enzymatic reaction involves many steps and proceeds through 
a number of chemical conversions. Thus, for example, the active 
site of esterases contains Ser, which undergoes acylation at an inter- 
mediate stage of the process. The substrate undergoes the concerted 


Fig. 6.5. Schematic illustration of the action of creatine kinase. Transition 
states. 


action of the various groups of the active site. As an example may 
be cited creatine kinase which catalyzes the reaction 


ATP‘~-+-creatine — ADP3--+- phosphocreatine2- + Ht 
= p 


Figure 6.5 shows the scheme of the transition state for this reaction. 
The cofactor is the Mg”* ion. An especially important role is played 
at the active site by the SH group. The enzyme is inactivated by 
iodoacetamide and iodoacetate. In the presence of the Mg?* ion and 
both substrates the SH group is protected from the action of blocking 
agents. Evidently, the SH group is attached through a hydrogen 
bond to one of the main groups of the enzyme. The facile transi- 
tion of a proton in the hydrogen-bonded acid-base system imparts 
high catalytic activity to this system. The electron transfers in 
substrates and groups of the active site are shown in Fig. 6.5. 
Essential in the formation of enzyme-substrate complexes is the 
precise mutual orientation of the functional groups of the enzyme 
and substrate or modifier. The active site is naturally chiral and, 
thereby, stereospecific. It has been found, with the aid of labeled 
atoms, that reactions of molecules of the type CAABD occur on the 


200 Chapter 6. Physics of Enzymes 


surface of the enzyme in an asymmetric manner. This refers, for 
example, to the transformation of aminomalonic acid to glycine: 


c*O0H C*O0OH 

| | 
H,N—C-H —> H,N—C—H 

| I 

COOH H 


Here C* is the labeled carbon atom. The reaction involves only one 
COOH group, which is chemically and geometrically indistinguish- 
able from the other group. This is accounted for by the asymmetry 
of the active site. Since the groups of the enzyme that are bound 
to the carboxyls are different, the reactions of the carboxyls are also 
different. Enzymes are capable of discriminating between stereoiso- 
mers and the optical antipode of a given substrate is no longer a sub- 
strate. 

A direct X-ray diffraction study of complexes of lysozyme with 
inhibiting analogues of substrates—polysaccharides—has shown that 
the ligand is incorporated into a cavity present in the lysozyme 
globule and comes into contact with several functional groups of 
the enzyme (Phillips). The structure of such a complex is depicted 
in Fig. 6.6. The fact of substrate incorporation has also been es- 
tablished for other systems. For a number of enzymes there has been 
extensively studied the sequence of chemical conversions, i.e., reac- 
tion steps taking place at the active site of the enzyme-substrate 
complex. For instance, Braunstein and his colleagues have investi- 
gated the chemistry of aspartate aminotransferase (AAT). This enzyme 
contains pyridoxal phosphate as a cofactor. Pyridoxal phosphate added 
to a protein reacts with the substrate, an amino acid, chemically, 
forming aldimine (a Schiff base): 


He HO. CH; 
—_. -H,0 
R,—C—NH, +0=CH—@ ‘Sn ie 
eas +H,0 
COOH H,COPO,H,—Protein 
Ha HO CH, 
Ho | ee 4 
______ RB, -C—N=cH—@ SN 
+H,0 —— 


ZL 
COOH H,COPO,H,—Protein 
The H, atom dissociates readily in aldimine. In transamination 
reactions, aldimine tautomerizes to ketimine 
es HO CH, 
1 
. a 
= ~ 
C=N—CH,—€ SN 


Z 
Z 
HOOC H,COPO,H,—Protein 


Fig. 6.6. The structure of a complex of lysozyme with B-N-acetalglucosoamine (the latter is black). 
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which is hydrolyzed by water to give a keto acid: 


R, BO: + Cou 


4 x 
= 0+H,N—CH,— g Sn 


HOOC H,COPO,H,—Protein 


A pyridoxamine form of the enzyme is formed which reacts with 
another keto acid containing R, in place of R,, the starting enzyme 
being regenerated and a new amino acid formed, R,CH(COOH)NH,. 
Such is the scheme of transamination—the transfer of the amino 
group. 

Practically, all reactions that are catalyzed by enzymes can also 
take place without enzymes, but at a much slower rate. Therefore, 
one can model the steps of an enzymatic. process in low-molecular- 
weight “congruent systems 

Such a model for a reaction catalyzed by aspartate aminotransfer- 
ase was constructed by Ivanov and Karpeisky. The first step of the 
process is the weak binding of an amino acid to the active site. The 
second step is the nucleophilic addition of the amino group of the 


substrate to the N=C bond of aldimine. The acceptor of a proton 


of the NH, group is here the negatively charged phenol group of the 
coenzyme. Thus, the unionized nucleophilic amino group is found 
to reside near the highly reactive cationic form of the coenzyme. 
The structure of the aldimine form of the enzyme-substrate complex 
has been built with the aid of space-filling molecular models. Further, 
the conversions indicated above take place, some of the steps involv- 
ing conformational motions—the rotations of the coenzyme ring. 
The scheme of successive events at the active site of aspartate amino- 
transferase is shown in Fig. 6.7; the rotations of the coenzyme are 
marked by a circular arrow. The multipoint binding to the active 
site is responsible for the stabilization of the active électronic config- 
uration which is thermodynamically unfavourable in solution and 
for the appropriate orientation of the interacting groups. Each step 
of the process involves a structural rebuilding that provides the 
optimum occurrence of the succeeding step, In the language of ther- 
modynamics this means that what happens at the active site is, in 
fact, the equilibration of the free-energy levels of the intermediate 
compounds. Indeed, the absorption spectrum of the enzyme-substrate 
complex shows the absorption bands of all the important intermedi- 
ate compounds involved in the reaction, whereas the corresponding 
congruent system displays only the band at 330 nm. 

We have discussed these examples in order to show the possi- 
bilities of deciphering the interactions between the active site of 
the enzyme and ligands. Chemistry reveals the behaviour of the 
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functional groups of enzymes and cofactors. This is, however, insuf-- 
ficient for a quantitative explanation of enzymic activity, which is. 
characterized by a decrease in energy of activation. What is necessary 
for enzymatic catalysis is the entire protein globule. One cannot cut 
off a portion of the protein chain without an unfavourable change. 
of the enzyme activity. Chemistry does not provide an answer to- 
the question of the role of the globular structure, being confined 
only to the description of the events that occur at the active site. 
These problems are the concern of the physics of enzymes. 

Summing up the results of chemical investigations of enzymes, 
Braunstein pointed out the qualitative factors responsible for their 
action. 

1. A high affinity between enzyme and substrate, i.e., a high 
probability of formation of an enzyme-substrate complex which 
is equivalent to a sharp increase in concentration of reactants (the 
proximity effect). 

2. A strict mutual orientation of reactants, cofactors, and the 
active site (the orientation effect). In ordinary homogeneous reactions 
the probability of three or more interacting molecules being strictly 
oriented with respect to one another is very low. 

3. The action on the substrate of nucleophilic and electrophilic 
groups of the active site (the effect of concerted general acid-base catal- 
ysis). Let us illustrate this effect by using a model. Hydroxypyridine 
catalyzes the mutarotation of glucose, rupturing its six-membered 
ring and undergoing a tautomeric change: 


HO 


proceeds at a rate 7000 times slower. The cooperation of acidic and 
basic groups, their concerted action, sharply accelerates the reaction. 
4. The activation of the substrate through the redistribution of 
electron density under the influence of the active groups of the en- 
zyme (the polarization effect). 
5. The change of the conformations of the protein and substrate 
in the enzyme-substrate complex (the induced-fit effect). 
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Physics must be concerned with the quantitative aspect of this 
picture, indicating at the same time to what extent the effects listed 
above can be separated. 

In conclusion we shall consider data that characterize the rates of 
enzymatic and analogous nonenzymatic processes (Table 6.1). 


‘Table 6.1. Comparison of Rates of Enzymatic Reactions 
with Rates of Nonenzymatic Counterparts’ 


Ra ie) 
Rate of jonenzy- 
Enzyme Nonenzymatic counterpart < mic pro- v/v9 
y ocess cess v0, 
,s Se 
Lysozyme Hydrolysis of acetal, base 510-2 3x 10-® 2-108 
catalysis 
Chymotrypsin Hydrolysis of amide, base 410-2 1x10-5 4.x 108 
catalysis 
-Amy.lase Hydrolysis of acetal, base 1x 10° 3x 10-9 =3>x 1011 
catalysis 
Fumarase Hydrogenation of alkene, 5x10? 3x 10-9 2x40" 


acid-base catalysis 


Note: The rates of nonenzymatic reactions are multiplied here by a factor correspond- 
ing to the proximity effect. For two molecules having the size of the H,O 
molecule this factor is equal to 55, i.e., is equal to the molar concentration 
of water 


‘6.4. Conformational Properties of Enzymes 

In order to understand enzymic activity it is necessary to consider 
the conformational behaviour of the protein macromolecule. The 
conformational lability of a protein makes possible its interaction 
with substrates and other ligands. In some conformations the pro- 
tein binds the substrate more effectively. Simultaneously, there 
takes place a selection of the conformations of the substrate. The 
conformations of the protein and substrate that are selected into 
the enzyme-substrate complex are those which are structurally comple- 
mentary to each other, thus providing the optimal value of the free 
energy of interaction. During the formation of an enzyme-substrate 
complex the conformations of the protein and substrate fit together. 
The conformational changes involved lead to a structural fit between 
the enzyme and the substrate. 

The conformational effects determine significant changes in en- 
tropy during the formation of an enzyme-substrate complex. A de- 
‘crease in entropy that occurs during the fitting interaction can be com- 
pensated for by a decrease in enthalpy. A physical analysis of events 
of this kind requires that phenomena that occur in the water environ- 
ment be taken into account. 
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At the turn of the century Emil Fischer proposed the lock-and-key 
model for treatment of the enzyme-substrate interaction. The enzyme 
and the substrate possess rigid structures, the active site of the en- 
zyme being structurally complementary to the substrate so that it fits 
with the substrate in much the same manner as a key fits into a lock. 
A number of facts contradict this model—the enzyme-substrate 
interaction is probably not a static one, but is rather a dynamic 
interaction. Koshland advanced an induced-fit theory to account for 
the specificity of the enzyme-substrate interaction. Let us recall the 


Substrate 


(a) (b) 


Fig. 6.8. The formation of an enzyme-substrate complex by the induced-fit of 
enzymic action: 


(a) enzyme; (b) enzyme-substrate complex (ESC); (c) and (d) complexes with substrate analo- 
gues. 


basic postulates of this theory, which was designed primarily in an 
attempt to explain the specificity of enzymes that catalyze bond- 
transfer reactions: 

B—X+Y — B—Y+X 


1. The substrate causes changes in the geometry of the enzyme 
as it fits into the active site. 

2. A delicate orientation of catalytic groups is required for enzyme 
action. 

3. The substrate induces this proper orientation by the change 
it causes in the geometry of the enzyme. 

Of course, the induced-fit theory covers also those cases which 
involve the alteration of the conformation of the substrate rather 
than the enzyme or of the conformations of both. The main idea of 
the theory is the determinative role of the conformational lability 
of the interacting molecules for enzymatic catalysis. 

The three postulates of the theory are illustrated by Fig. 6.8. 
Figures 6.8c and d show why molecules structurally similar to the 
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substrate but different from it in size do not react: the functional 
groups of the enzyme, A and B, cannot in these cases arrange them- 
selves in a proper manner. According to the Koshland model theory, 
the substrate specificity and catalytic efficiency of the enzyme are 
closely related but their mechanisms are different and the reaction 
can be accomplished only with a definite disposition of the contact 
and catalytic groups of the enzyme with respect to the substrate 
molecule. Koshland illustrates this by the example of B-amylase. 
This enzyme acts on the terminal groups of amylose but not on the 


Nonreactive 
complex Reactive complex 


Fig. 6.9. Diagram illustrating the action of B-amylase. 


other glucoside linkages of the polysaccharide. Cycloamyloses are 
the competitive inhibitors of the enzyme. What has just been said is 
explained by the scheme presented in Fig. 6.9. The reaction occurs 
only with the contact and catalytic groups of the enzyme, A, B, and 
X, being spatially arranged in a strictly definite way. 

A number of facts really serve as an indication of the confor- 
mational changes of enzymes upon their interaction with substrates. 
In the presence of substrates some enzymes become more rigid, 
others, on the contrary, are made more labile—they are denatured 
more easily upon heating. Substrates induce the dissociation of 
glutamate dehydrogenase and hexokinase into subunits. The substrate 
affects the reactivity of the amino-acid residues of the enzyme. The 
absorption spectrum of chymotrypsin is changed when it interacts 
with the substrate and these changes may be treated as being caused 
by the change in conformation. The changes in conformation are 
seen in the luminescence spectra of both aromatic amino-acid resi- 
dues and dyes sorbed on the protein. Spectropolarimetric methods 
have revealed changes in a-helicity that arise upon interaction 
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of enzymes with substrates, coenzymes, and other ligands. Informa- 
tion on conformational changes in enzyme-substrate complexes is 
also furnished by the EPR spectra of enzymes containing paramag- 
netic labels, NMR spectra, etc. 

The X-ray diffraction studies of enzyme-substrate complexes yield 
direct information about conformational transformations. Upon 
incorporation of the substrate into lysozyme (page 201) the crevice 
contracts and “squeezes” the substrate more tightly. The displace- 
ments of the amino-acid residues of the protein are not great but they 


OH 


Fig. 6.10. The active site 
of carboxypeptidase. 


are appreciable—the residue Try 62 is shifted by 0.075 nm. This is 
accompanied by a change in conformation of the substrate analogue— 
a slight rotation of the carbohydrate rings about the glycoside link- 
age. 

The presence of a crevice designed specifically for the substrate 
has also been detected for other enzymes. This reveals groups of the 
active site. A direct confirmation of the induced-fit concept has been 
obtained in an investigation of carboxypeptidase. In the presence of 
the substrate glycyltyrosine the amino-acid positions are changed 
significantly. The active site is a deep cavity similar to the mouth 
of a spider with its “legs” ready to direct the substrate to the cofac- 
tor—to the Zn atom. One “leg” that contains Tyr 248 is directed to 
the NH group of the substrate, the Arg 145 of the second interacts 
with the carboxyl group of the substrate, and the Glu 270 of the 
third reacts with the terminal amino group (Fig. 6.10). 

As has been pointed out earlier (page 146), X-ray diffraction 
analysis has recently made it possible to determine the relative 
mobility (conformational and vibrational) of various amino-acid 
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residues in proteins. The investigations of myoglobin and lysozyme 
have demonstrated that the residues within the globule are much less 
mobile than those residing on its surface. 

Thus, in enzyme-substrate complexes there is achieved a structural 
fit realized in the cavity of the enzyme molecule. As shown by a com- 
parison of all the structures studied by X-ray diffraction, their com- 
mon specific feature is that the inner surface of the cavity is predom- 
inantly formed by nonpolar residues. As a result of hydrophobic 
interactions, the polar residues are moved to the surface. The nonpo- 
lar interior of the protein molecule has a low dielectric constant, 
which facilitates the occurrence of electric interactions. The enzyme 
is not only a specific reagent but serves also as a medium for the 
reaction. As Perutz remarks, we may ask ourselves why chemical 
reactions that normally require powerful organic solvents or strong 
acids and bases can proceed in aqueous solution near neutral pH 
in the presence of enzymic catalysts. Organic solvents have advan- 
tages over water, providing a medium of low dielectric constant in 
which intensive electric interactions between the reagents may occur. 
The nonpolar interior of the enzyme provides a living cell with 
equivalents of organic solvents that are used by chemists. 

These are all qualitative conceptual models, requiring no physical 
theory of enzymic catalysis. The paths leading to such a theory (not 
yet constructed) will be described further in the text. 


6.5. Physics of Enzyme-Substrate Interactions 

The physical specificity of enzymic catalysis is primarily due to 
the role played by the globule, whose size is an order of magnitude 
larger than the size of the substrate. Naturally, a question arises as 
to the causes for the high efficiency of such a system in the course of 
a chemical conversion in aqueous solution at a normal pressure and 
physiological temperature. 

Upon binding to the active site the substrate molecule is transfer- 
red from an aqueous environment to an environment produced by 
amino-acid residues. The substrate is found to be surrounded by a 
medium of low dielectric constant, in which strong electric inter- 
actions may occur between the reactants and the polar groups of the 
enzyme. Elaborating on the enzyme-solvent concept, Perutz arrives 
at the conclusion that electrostatic interactions make a major contri- 
bution to the energetics of enzymic catalysis, i.e., to the reduction 
of the energy of activation caused by the enzyme. The difference be- 
tween the enzyme and the aqueous solution consists in that the active 
site of the enzyme accommodates dipoles with a fixed orientation 
with respect to the charged groups of the substrate, even if the field 
of these charges is small. As a result of this orientation, enzymes are 
capable of stabilizing ion pairs and other charge distributions to a 
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considerably greater extent than water. In water solutions the 
electrostatic attraction is not strong, since any force created by the. 
approach of opposite charges is counterbalanced by the reorientation 
of the solvent dipoles. In enzymes such reorientation is impossible. 
The quantitative calculations carried out on this basis for lysozyme: 
have enabled an estimate of the decrease in the activation energy 
of a catalyzed reaction in accordance with experiment. 

Undoubtedly, electrostatic interactions are of importance for 
enzymic catalysis, especially in the case of ionic reactions. Lysozyme 
is in this sense a specific enzyme and the calculations made cannot 
be regarded as being of universal value. 

The protein globule is a dynamic system. There have been made. 
a number of interesting attempts at a physical interpretation of the 
behaviour of such a system upon its interaction with the sub- 
strate. 

Obviously, the energy that can be expended by the enzyme in 
order to speed up the reaction. (i.e., to lower effectively the activa-- 
tion energy barrier) can come from only one source—it is a part of 
the free energy liberated upon binding (sorption) of the substrate to 
the enzyme. The assumption of the accumulation of the heat energy 
of the environment in the enzyme and of its utilization in the reaction 
would mean a so-called perpetual-motion machine of the second 
kind. Thus, the energy is liberated upon sorption of the substrate. 
A hypothesis has been suggested, according to which this energy 
is transformed to the energy of the elastic vibrations of the globule, 
which behaves like a liquid drop. The frequencies of such vibrations. 
lie in the hypersonic region—up to 10° s-!. The standing waves in 
the liquid drop can create a vibration maximum in the region of 
the active site and the energy of elastic vibrations can activate the 
substrate molecule. Quantitative estimates based on this idea have 
shown that the energy of elastic vibrations of the globule may indeed 
amount to 20-40 kJ/mole and provide a considerable decrease in the 
effective activation barrier. 

This hypothesis is attractive but has not been proved so far. 
It is also not clear at what rate the elastic energy of the globule is 
dissipated into the environment. 

We shall nevertheless make a simple estimate of the acceleration 
of the reaction based on the assumption of the transformation of the 
sorption energy to the energy of the enzyme-substrate complex. 
Suppose that the structural fit between enzyme and substrate in the 
enzyme-substrate complex brings both the protein and the small 
molecule into a stretched state. Let the length of the unstretched 
substrate molecule be J, and the length of the enzyme cavity into 
which the substrate fits, 1. The changes in length of the substrate 
molecule and the enzyme are, respectively, equal to x and y. Then, 
xz-+y=I1—1, and the condition for the equality of the elastic 
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forces has the form 


kgx = kpy (6.39) 
where kg and kg are the coefficients of elasticity of the substrate and 
enzyme. We find ° 

_ ll _ kg _l—y 
SS ieisikg: So ee INSEE (6.40) 


The elastic energy of the substrate, which determines the decrease 
in the activation energy, is given by 


1 1 ee 

The order of magnitude of /g corresponds to the product of the linear 
size of the globule by the modulus of elasticity Le. For proteins 
L ~ 5Snm and ¢ is about 10° J-cm-*. Hence, kg ~ 5 X 107? N/cm. 
The largest amount of energy of elastic deformation is concentrated 
at the weakest point of the substrate molecule. The deformation of 
valence angles occurs more readily than that of valence bonds. At 
the same time, the energy stored at the angular degrees of freedom 
of the molecule can be transferred to a valence bond and can lower 
the activation energy of its rupture. The elastic modulus kg, which 
corresponds to low-frequency deformation vibrations (v ~ 10 s-1) 
is approximately equal to 0.45 N/cm~1. We now assume that AE = 
= 31.5 kJ/mole (when the energy of activation is diminished by 
this amount, the reaction rate increases by 10° times). Then, z ~ 
~ 0.08 nm, y ~ 0.23 nm, and the elastic energy of the enzyme 


+ kgy” ~ 88 kJ/mole. This means that the total energy expended 


during the sorption on elastic deformation is 171 kJ/mole. This 
value is not too great, considering that the sorption occurs as a re- 
sult of multipoint binding, i.e., the formation of many chemical and 
weak bonds between enzyme and substrate. The sorption energy 
observed is the difference between the true sorption energy and the 
energy of elastic deformation of the enzyme and substrate. 

The stretched state model (the so-called “rack” model) considered 
above is a static one. If we assume that the elastic system is a dynam- 
ic one and there arises a resonance of the vibrations of the substrate 
and enzyme molecules, then the same acceleration will be attained 
by an average elastic energy four times lower than in the static case, 
since pulsations periodically double the vibrational amplitude. 

This spectacular model deals with the vibrations of atomic nuclei 
that arise as a result of the formation of an enzyme-substrate complex. 
This interaction is accompanied by changes in the states of the 
electron shells of the substrate and atomic groups of the active site. 
The electron shells experience a perturbation due to interactions 
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in the enzyme-substrate complex. The conversion of substrates to 
products is a chemical process, i.e., a change in the states of the 
electron shells of molecules. Just as in any other chemical reaction, 
this involves transfers of atomic nuclei. Among the motions of atom- 
ic nuclei, the lowest energy is expended on low-frequency deforma- 
tion vibrations and rotations about single bonds, i.e., conforma- 
tional changes. The conformational changes in the enzyme-substrate 
complex were discussed in Sec. 6.4. Of prime importance for enzym- 
atic catalysis are the interactions of electronic and conformational 
degrees of freedom—electronic-conformational interactions (ECI). Such 
interactions have been treated in the works of Volkenshtein, Blu- 
menfeld, Chernavsky, Dogonadze, and their coworkers. 


6.6. Electronic-Conformational Interactions 

In order to understand the nature of electronic-conformational 
interactions it is helpful to make use of a spectacular model of the 
interaction between electrons and atomic nuclei—electrons in a po- 
tential box with infinitely high mobile walls. A set of atomic nuclei 


n=3 
n=2 
n=] 
L 
Fig. 6.41. Electrons in a potential Fig. 6.12. The lowering of the activa- 
box. tion barrier caused by an electron- 


conformation interaction. 


of a molecule or its functional part is modelled by means of such a 
box (Fig. 6.11). Electrons are placed in the box, 2nelectrons occupy n 
levels. The possible values of the energy of the electrons inside the 
box are easily calculated on the basis of the concepts of de Broglie 
standing waves with nodes at the walls. If the width of the box is Z, 
the standing waves have wavelengths equal to 


a= 2L/n, n= 1, 2, 3,... (6.42) 
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The velocity of an electron in the box is found from the de Broglie 
relation (m, is the electron mass): 


Me ee Se (6.43) 


Oak = 2mek 


Inside the box the energy of the electron is equal to its kinetic energy: 


__ mev? __—n*h? 
E=-§ = GmeL? (6.44) 
The electron exerts a pressure on the wall which is given by 
dE n2h2 
t=|4r =e (6.45) 


At equilibrium these forces are compensated for by the interactions 
with the surroundings of the box. A change in equilibrium results 
either from the excitation of electrons in the system or from the 
addition of electrons. Either of these leads to an increase in pressure. 
Being no longer at equilibrium, the walls of the box move and pass 
to a new equilibrium position at an increased distance from each 
other, L + AL. In other words, the work of displacement of the 
nuclei, fAL, is done at the expense of the energy of electrons—accord- 
ing to Eq. (6.44) the electronic energy decreases with increasing L. 

If we consider not a rectangular potential well but a parabolic 
one, i.e., if we make use of the electron-harmonic oscillator model, it 
will be easy to show how the electronic-conformational interactions 
lower the activation barrier (Fig. 6.12). The expansion of the para- 
bola brought about by the added pressure force means a decrease in 
the elastic coefficient for the oscillator. The point of intersection 
with the second parabola which corresponds to the final state of the 
enzyme-substrate complex is shifted and its ordinate, which is the 
energy of activation, is decreased. One can show that for the energy 
of activation to be considerably diminished, i.e., for the reaction 
to be greatly accelerated, a low efficiency of the system is sufficient. 

The above treatment is only of illustrative value. It shows, how- 
ever, that the energy of electronic excitation is converted to the 
work of displacement of atomic nuclei, i.e., to the conformational 
energy. As a result, the reaction is accelerated. 

Lumry and Biltonen assumed that the profile of the conforma- 
tional free energy along the reaction coordinate is complementary 
to the profile of the chemical (electronic) free energy (Fig. 6.13). 
As a result, the activation barriers are lowered in the overall profile. 

More rigorous quantum-mechanical approaches to electronic- 
conformational interactions have been worked out by Dogonadze 
and his coworkers. The solution of the problem, i.e., the calculation 
of the probability of the substrate being converted to the product, 
requires finding the potential energy surface of the electronic states 
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of the system, their dependences on the positions of atomic nuclei. 
For nonadiabatic electron-and-atom transfer reactions, i.e., for 
reactions accompanied by conformational shifts of nuclei, the key 
role is played by the Franck-Condon principle. Since the nuclei move 
much more slowly than electrons, the probability of the reaction is 
different from zero provided that the electron levels of the initial 
and final states are equilibrated due to conformational motions. 
Figure 6.14 presents the corresponding diagram (Q is the conforma- 
tional coordinate). The electronic 

rearrangement is preceded by a 

complicated motion from Q); toQ* 

on the potential-energy surface. 

(1) After the electron rearrangement 

in the region of intersection of 

the surfaces the system passes to 

a conformationally excited state, 

which strongly differs from the 

equilibrium state, and relaxes 


(2) then to a new equilibrium state; 
the Q* —Q,; transition is real- 
ized. The kinetics of the process 


is governed by electron-confor- 
mation interactions. 

In a theoretical calculation the 
parameters of the system—the 
enzyme-substrate complex and the 
Fig. 6.13. The complementarity effect: solvent that surrounds it—may 
(a) the profile of the chemical free energy; be represented by the sum of the 
Ne PONS the deorsil prokie harmonic oscillations of the nu- 

clei. What one finds is the energy 

of the nuclear (i.e., conformation- 
al) subsystem in its initial and final states. Conformational oscillators 
are slow, their energy being much less than thermal energy, ha <kT. 
They are classical oscillators, in contrast to quantum-mechanical, 
electronic ones. Theory leads to the expression of the probability of 
the transition per unit time between the initial and final states. Accord- 
ing to Arrhenius, this expression depends exponentially on the sum 
of the free energy of the reaction and the energy of reorganization of 
the conformational subsystem and the solvent. The meaning of the 
energy of conformational reorganization is disclosed in Fig. 6.15 
(Qo; and Qo; are the classical equilibrium coordinates of the initial 
and final states of the system; EZ, is the energy of activation; F, 
is the energy of conformational reorganization; AJ is the reaction 
heat). Thus, the system is moving along a series of classical coordi- 
nates and reaches the region of intersection of potential surfaces with 
the probability indicated. The time during which the system resides 
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in the transition region is determined by the effective frequency of 
motion and the reorganization energy. It is during this time period 
that the system passes from the initial to the final state. 

The theory briefly discussed above has*a distinct and strict phys- 
ical content. However, quantitative computations based on this 
theory are very complicated and require a knowledge of many para- 
meters. Therefore, a comparison of the theory with experiment is 
a difficult task. 


Fig. 6.14. Diagram showing an elec- Fig. 6.15. The parameters of an 
tronic-conformational transition. electronic-conformational _ transi- 
tion. 


The overall result of the electronic-conformational interactions 
consists in that the electron rearrangement during the course of an 
enzymatic reaction is associated with the change in conformation 
of the protein. This situation can be described in the language of 
solid-state physics. The displacement of an electron or electron 
density in a macromolecule causes a conformational rearrangement. 
It may be treated as the excitation of longwave phonons and the 
system electron plus the deformation of the macromolecule is found 
to be similar to the polaron. We shall call such a system the confor- 
mon. 

In contrast to the polaron, the conformon is not a true quasi- 
particle capable of moving without dissipating energy at large 
distances. Rapid dissipation is determined by the inhomogeneity 
and aperiodicity of the globule. However, for an enzymatic process 
to be accomplished it is sufficient that a conformational change be 
effected within a few peptide linkages. The subsequent conforma- 
tional rebuilding of the globule will depend not on electronic-con- 
formational interactions but on the cooperativity of the macromolecule. 

Experimental information on electronic-conformational interac- 
tions can be obtained by studying changes in chemical (electronic) 
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properties of biopolymers caused by the change of the ligand or co- 
factor and by observing the attendant changes in conformational 
properties of the macromolecule as a whole. An investigation of this 
kind was carried out on aspartate aminotransferase-ligand (cofactor) 
systems. What was studied is the denaturation in a urea solution of 
an apoenzyme, normal choloenzyme, and a number of complexes of 
the apoenzyme with various chemical modifications of the coenzyme. 
The denaturation isotherms were found to be strongly dependent 
on the nature of the coenzyme. This means that the electronic changes 
in the active site have a strong effect on the conformational prop- 
erties of the protein as a whole. A quantitative analysis of the 
results obtained and a comparison of an enzymatic process cata- 
lyzed by aspartate aminotransferase with the reaction in a con- 
gruent model system have shown that the energy levels of various 
intermediate forms are equilibrated in the enzyme system and 
that the activation barriers are lowered. This is a manifestation of 
the complementarity of the profiles of chemical (electronic) and 
conformational free energies (page 213). The complementarity is 
determined by electronic-conformational interactions. 

The problem of electronic-conformational interactions is effective- 
ly tackled by means of the qualitative methods of quantum chemis- 
try which allow one to clearly visualize the electron shell of the sub- 
strate, which is influenced by the perturbing action of the active- 
site groups. Of particular importance in the physics of enzymes at 
present are well-substantiated qualitative models that enable one 
to get an insight into the phenomena observed and to evaluate-the 
order of magnitude of the values of the characteristic parameters. 
(the energy of activation, etc.). 

The important objects for the study of electronic-conformational 
interactions are metalloenzymes, in particular enzymes whose cofac- 
tors are ions of transition metals. Such ions serve as bright labels; 
their behaviour, particularly the change of the electronic state, can 
be easily studied by using the methods of optical spectroscopy, EPR, 
etc. At the same time, the electronic state of the metal in a metalloen- 
zyme exerts a strong influence on the conformational properties of 
the protein. In its turn, the state of the metal depends on the protein 
environment. Vallee has revealed appreciable differences in electron- 
ic properties of transition metals between enzymes and low-molecu- 
lar-weight complex compounds. The metal ion in the protein is in 
a stressed, “entatic” state. Here we enter the field of bioinorganic 
chemistry. The properties of some metal-containing proteins (he- 
moglobin and myoglobin) will be considered at a later time (see 
Sec. 6.8); we shall also discuss electron-transfer processes in metal- 
loenzymes of the respiratory chain—in cytochromes. In Sec. 13.4 we 
shall again return to the consideration of electronic-conformational 
interactions. 
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6.7. Cooperative Properties of Enzymes 

The steady-state kinetics of enzymic reactions often differs from 
Michaelis-Menten kinetics (page 194). The curve showing the depen- 
dence of reaction velocity v on substrate concentration S and/or modi- 
fier concentration displays inflections, maxima, and plateaus. An 
example is given in Fig. 6.16, which presents the curve of v versus S 


Fig. 6.16. The curve of v vs. S_ Fig. 6.17. Schematic representation 
for aspartate transcarbamylase. The of the reaction with an enzyme con- 
abscissa shows the concentration of sisting of two subunits. 

aspartate in 10-3 mole/litre. 


for aspartate aminotranscarbamylase (S is aspartate) in the absence 
and presence of a modifying reagent—cytidine triphosphate (CTP). 
In the first case, the curve is sigmoid rather than hyperbolic in 
shape. 

As a rule, these features are accounted for by the presence of 
a quaternary structure in the enzyme and by the interaction of 
subunits. Thus, the behaviour of the enzyme is cooperative—the 
affinity for the substrate and the catalytic activity of a particular 
subunit (protomer) depend on what states the other subunits are in— 
whether they have bound the substrate or not. 

Let us consider a simple model of the enzyme molecule composed 
of two interacting identical subunits. Each of the subunits has an 
active site. The scheme of the steady-state process is depicted in. 
Fig. 6.17. The enzyme molecule can exist in three states: Fo, (both 
sites are free), 9, = Fy) (one site is occupied by the substrate and’ 
the other is free), and F,, (both sites are occupied by the substrate). 
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‘The equations for steady-state kinetics have the form (cf. Fig. 6.17): 
Foy = —2kySF oy +2 (ky +2) Fp = 0 

2F i = 2kyS Fy — 2 (ky + hg + 3S) Fug +2 (kg +h) Fyy=0 (6.46) 
Fa = 23S F yg — 2 (k_3 + hy) Fy, =0 


-Here 
Foo + 2F ip + Fy, = E = const (6.47) 


‘The rate of formation of the product is given, in accordance with 
Fig. 6.17, by 


v = 2kyFyy + 2h Fy (6.48) 
Using Eqs. (6.46) and (6.47), we find 
ie Pie hal ee 
v= 2hoES sar aR KS pKE (6.49) 


~where a> ky lke, p = K'/K, K = (k-y + k,)/k,, K' fore (k-3+k,)/ks. 
Cooperativity, i.e., the interaction of two active sites, is expressed 
in terms of the ae of a and/or B from unity. Indeed, on the 
condition a = p = 
Umax 
v=2k,ES = pest = Fors (6.50) 
tthat is, the kinetics coincides with Michaelis-Menten kinetics. On 
the contrary, if this condition is not satisfied, then the curve of v 
versus S is likely to show a point of inflection or a maximum or both. 
Analysis of formula (6.49) shows that points of inflection can appear 
‘with the following conditions: 


at a <0.5 and any 6 
at 1 >a>0.5 and a/(2a — 1) > B > a4/(2a — 1) 
at a> 1 and a@?/(2a — 1) > B > a/(2a — 1) 
A maximum is possible only at a < 0.5 and any f. 
The model described above expresses direct cooperativity—the rate 


constants for the states of the system in which the substrate occupies 
one or two active sites are different. 

The equilibrium function Y of saturation of enzyme with substrate 
for the two-site model is expressed as follows: 


St BKS 


(6.51) 


The function Y (S) changes to the Langmuir adsorption isotherm 


at Bp = 1. At B ~1 the Y (S) curve may have a point of inflection 
but not a maximum. 
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Thus, the fact that the v (S) and Y (S) curves show some singular- 
ities under steady-state (accordingly, equilibrium) conditions is an 
indication of cooperativity. The absence pf such singularities does 
not necessarily mean that no cooperativity exists. 

Another model—the indirect cooperativity model—has been pro- 
‘posed by Monod, Wyman, and Changeux (it will be referred to as 
the M-W-C model). The protein molecule is modelled by an oligomer 
consisting of two or more identical subunits—protomers which occu- 
py equivalent spatial positions. 

Thus, the molecule has some 

symmetry. It may be built up in 

an isologous or heterologous 

manner; in the latter case, the () (2) 
oligomer may be long in length 

(Fig. 6.18). Each subunit contains 

one binding site for each ligand 

(substrate or modifier). 

It is presumed that the oligo- 

mer as a whole can] exist in two (3) 

(or more) conformational states. 

The affinity for the ligand varies Fig. 6.18. The possible structures of 
with a change in state of the isaloaues (1) and heterologous (2) 
oligomer. Such a system is dimers and of a heterologous poly- 
cooperative. Without loss of mer (9). 

generality let us consider a 

dimer, which can exist in two 

states designated R and 7. In either of these states the dimer 
is capable of addition of 0, 1 or 2 molecules of ligand S. Thus, the 
number of different states of the dimer is 6: Roy, Rig = Roy, Ry, 
Too. Tio = To, Ty. The equilibrium conditions are as follows: 


To = LR 


Ryy=2RwS/Kp,  Riy=—y RyS/Kn=RoSIKk (6.52) 
Py= 22 S/Kr, T= T19S/Kr = TopS?/ Kt 


Here Kp and Ky are the dissociation constants for S in states R 
and 7, respectively; Z is the equilibrium constant for the R = T 
transition in the absence of S. The total concentration of enzyme is 
constant: 


Roo + Roo + Ru + Too + Tio + Tu = EF (6.53) 
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The substrate saturation function for the enzyme has the following 
form: 
Y= Rig t2Ry tli tir = 
2 (Root Riot R11 +19 Tip +7 11) 
- Kp (i+Le)(1+Le?) 1 S+S? (6.54) 
Kh (1+ Lg) (1+ Lg?)"?+.2Kp (1+ Lg) (14 Le)! $+ S? ; 


where g = Kp/Ky. The Y vs. S plot has a point of inflection. At 
g = 1 or with Z tending to zero or infinity, cooperativity disappears 
and the last expression again transforms to the expression for the 
Langmuir isotherm: 

> Ss 
The corresponding expression for the rate of conversion of the sub- 
strate, the one obtained from the equilibrium condition, has the form 


1+xLg? Kp (1+ Lg) (1+ %Lg?)-1 S4 S?2 
v = 2Ek = 
tLe KR (1+Lg) (1+ Ly) + 2K (1+ Lg) (1+ Lg?) S +S? 


(6.56) 


where k is the rate constant for states R,, and Ryo, and xk is the rate 
constant for the 7,, and 7, states. 

The cooperativity in the M-W-C model is indirect, since the addi- 
tion of the ligand causes a shift in the conformational equilibrium. 
If we extend Eq. (6.54) to a system composed of n protomers, we 
obtain: 

y _ Lex(itert+e(t{+2)r 
omer (1-- gx)" + (1+ 2)? (697) 


where zx = S/Kp. 
At g<1 and not too large L and x formulas (6.54) and (6.56) 
assume the following form for the dimer: 


a 1+e2 
pee (6.59) 
or L+(4+2)? , 


Let us assume that, apart from the substrate S, the dimer is also 
acted on by an inhibitor J and an activator A and that each of tho 
two protomers contains three active sites—for S, J and A. Assum- 
ing for simplicity that the dimer adds on J only in the 7-state and A 
only in the R-state, we obtain at g <1 the substrate saturation 
function for the enzyme: 

ae {+x 


"Tata ee 
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where L’ = Li(1 + //K,)? (1 + A/K,)~?. The inhibitor enhances 
indirect cooperativity, whereas the activator diminishes it. 

If cooperativity is positive, i.e., the addition of a ligand activates 
the enzyme, the models of direct and indirect cooperativity may 
lead to equivalent results. However, in eontrast to the M-W-C 
model, the direct cooperativity model can also describe negative 


~ 
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Fig. 6.19. The allosteric feedback. 


cooperativity, a phenomenon in which the affinity towards the cor- 
responding ligand is reduced as the active sites are saturated more 
and more (Koshland). 

Umbarger detected in 1956 the existence of sequential enzymatic 
reactions, in which the end metabolite affects the activity of the 
enzyme that catalyzes the first reaction in the sequence. We know 
at present many such systems, called allosteric systems. In particu- 
lar, cases of inhibition have been established, whose kinetics is simi- 
lar to the kinetics of competitive inhibition, though the structure of 
nn allosteric inhibitor is different from that of the substrate. For 
instance, aspartate transcarbamylase is an enzyme that catalyzes 
the first step in the sequence of conversions leading to the synthesis 
of CTP. This end product of the chain of reactions inhibits aspartate 
transcarbamylase (Fig. 6.19). The expediency of such a system is 
obvious. If the end metabolite is immediately consumed in subse- 
quent reactions, then the entire system works. However, if an excess 
of the end metabolite appears, it stops the operation of the entire 
aystem. | , 
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Allosterism is an important phenomenon that provides for the 
regulation of enzymic action at a molecular level. The presence of 
the regulation of biochemical processes means the existence of direct 
vnd feedback channels, through which appropriate information is 
transmitted. The transmission of information in the cell is the trans- 
mission of chemical signals, i.e., molecules and ions. The cell con- 
tains substances whose reactivity is determined by the action of 
molecular signals on them. Since such signals come from enzymes, 
it is enzymes that are subject to the effect of chemical feedback. One 
may come to the logical conclusion of the existence of regulatory 
enzymic systems. We have already said that an enzyme may be re- 
garded as a signal transformer: the input signal, i.e., the substrate, is 
transformed to the output signal, i.e., the product. If the output 
signal affects the operation of the transformer, a feedback is realized, 
positive or negative, depending on whether the end product activates 
or inhibits the function of the enzyme. 

An investigation of allosteric enzymes has shown that they possess 
a quaternary structure and cooperativity. This is evidenced by the 
v vs. S curve for aspartate transcarbamylase (see Fig. 6.16). Cytidine 
triphosphate (CTP), in the presence of which the sigmoidicity of the 
curve disappears, is an allosteric inhibitor. Another example of 
allosteric enzymes is threonine deaminase. The kinetics of the con- 
version of threonine by this enzyme may be described by the formula 
Uv 


log =nlog S—log K (6.64) 


Vmax—V 


and the kinetics of allosteric inhibition is depicted as follows: 


~— = log K' — n’ log I (6.62) 


log 75 


Here v is the steady-state velocity; vmax is the maximum velocity; 
Vy is the velocity at J = 0; K and K’ are constants. For Michaelis- 
Menten kinetics the following condition must be fulfilled: n = n’ = 
= 1. Changeux found that n = 1.37 and n’ = 1.86. These results 
are easily explained by cooperativity—the interaction of subunits. 
Similar phenomena will be discussed in the next section for hemoglo- 
bin. It has been established that each subunit of allosteric enzyme 
has one active site for the substrate and the other for the allosteric 
effector. More complicated cases are also observed. 

The fact that allosteric enzymes exhibit a quaternary structure 
determines the possibility of their dissociation into subunits under 
the influence of substrates and allosteric effectors. There takes place 
a shift of the equilibrium between the oligomeric forms of an allo- 
steric enzyme. This is also manifested in the kinetics. 

The singularities on the v vs. S and v vs. I plots may also arisv 
in the absence of cooperative interactions due to the nonequilibrium 
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conformational properties of the enzyme. Let us assume that the 
enzyme molecule that has converted the substrate into the product. 
emerges from the reaction in an active conformational state. If the: 
relaxation time, i.e., the time of return to the original unperturbed’ 
state, is longer than the time between the éncounters of the enzyme- 
with the substrate or of the same order, then the kinetics may simu- 
late cooperative kinetics. The scheme of such a process is shown in 
Fig. 6.20. Here Fy is the substrate-free enzyme molecule in the origi- 
nal conformation; F, is the inactive enzyme-substrate complex;. 
F, is an active enzyme-substrate 

complex; F, is the free enzyme 

in an active conformation. Solv- 


: : ; Ke 
ing the appropriate equations Fo =F 
of steady-state kinetics, we obtain oS K-39 4 ky 
the reaction velocity: | ie uf ks 
_____ AS? BS 
v=—csrpps~K (6.68) Fy <—— Fr 


where A, B,C,D, Karecombina- Fig. 6.20. Schematic representation 
tions of the kinetic constants. of the Rabin reaction. 

‘xpression (6.63) is similar to 

Iq. (6.49), despite the absence of 

cooperative interactions. The singularities on the v(S) curve disap- 
pear if k; = 0 or k, = 0. Indeed, in some cases there are observed 
very large times of conformational changes of enzymes, of the order. 
of minutes and even of tens of minutes. Such features on the v(S) 
curves aS an intermediate plateau are presumably accounted for by 
the nonequilibrium nature of enzyme systems. However, in most 
cases, the presence of inflections and even of maxima is thought to be- 
due to the interaction of subunits in a protein that has a quaternary 
xtructure (see Sec. 6.8). 

We have dealt above with only relatively simple enzymatic proc-. 
cesses. In more complicated cases, calculations even under steady- 
“tate conditions become unwieldy—one has to solve a large number 
of simultaneous equations. For these problems there have been worked 
out algorithms, in particular those based on the theory of graphs 
(Goldshtein, Volkenshtein). In mathematics, a graph is a topological 
chart constructed from nodal points and lines between them. In 
essence, the diagrams shown in Figs. 6.17 and 6.20 are graphs. Algo- 
rithms of this kind allow one to obtain analytical expressions for 
reaction rates without solving kinetic equations. 

It should be noted that in any more or less complicated cases the 
number of constants is so large that they cannot be found on the basis. 
of experiments carried out under steady-state conditions. Nonsteady- 
state enzyme kinetics and, hence, the mechanism of enzyme action 
\« effectively studied by the methods of chemical relazation developed 
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by Kigen. The system is brought out of equilibrium or stationary 
state by rapidly changing an external parameter, and its approach 
to a new equilibrium or stationary state is studied. Most often use 
is made of a concentration or temperature jump, the action of ultra- 
sound, etc. Relaxation times up to 10-!° s are accessible to measure- 
ment. 
Let us consider the simplest one-step reaction (S is a ligand) 
ht 
F,+S——F, 


The kinetic equation has the form 


Fy = —hyS +h Fy (6.64) 
We have deviations from steady-state concentrations Fy. S. F;: 
Fo=Fyot2, Fy = Fy + 2, S = S + y. Equation (6.64) yields 


Ly = — KF gy — ky Sarg — heyy + hse (6.65) 
With a small perturbation we neglect k,z,y. From the laws of con- 

servation of mass it follows that x, = —zx, = y. Hence, 
y = —(kyFo + kyS + ky) y (6.66) 

or 
y+ vty = 0 (6.67) 
vie t= kh, Fy +k,S +k. The solution of Eq. (6.67) has the 
orm 

y = y (0) exp (—t/t) (6.68) 


The value of y at time ¢ = 0 is denoted as y (0). Measurement of Tt at 


different concentrations F, and § enables one to determine k, and & . 
We have made use here of the usual procedure of linearization of 
a nonlinear equation (see Sec. 15.2). 


6.8. Myoglobin and Hemoglobin 

Hemoglobin (Hb) and myoglobin (Mb) are not enzymes. Their 
function consists in the reversible binding of molecular oxygen. 
Myoglobin serves to store oxygen for its subsequent utilization. 
Therefore, large amounts of myoglobin are contained in the organism 
of whales existing predominantly under water. Hemoglobin is the 
functional protein of erythrocytes which serves for the transporta- 
tion of oxygen from the lungs to all organs and tissues and which 
participates in the reverse transportation of CO,. 

The investigation of myoglobin and hemoglobin, however, yields 
information of great significance for the understanding of the prop- 
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erties of ordinary and allosteric electronic-conformational inter- 
actions. The binding of O, and other ligands by these proteins bears 
a close resemblance to the binding of the substrate to the enzyme. 
Molecular oxygen penetrates into the interior of myoglobin and hemo- 
globin molecules, but, in distinction to the substrate, it is not sub- 
jected to a chemical conversion. Sometimes, myoglobin and hemo- 
globin are called “honorary enzymes”. 

Myoglobin and hemoglobin are produced in crystalline form. Both 
proteins have been studied in detail by X-ray structure analysis 


Fig. 6.21. The absorption ie 
oe Cee eae eae eee 00 800 600 400 X,nm, 


with a resolution of up to 0.28 nm, both in the oxygenated (MbO,, 
HbOg,) and in the deoxygenated form (Mb, Hb). The presence in 
myoglobin and hemoglobin of the prosthetic groups of the heme, 
which has specific electronic properties, allows one to study these 
proteins by means of spectroscopy, electron paramagnetic resonance 
and also magnetic susceptibility, the Mossbauer effect (see page 152), 
ete. 

Myoglobin has no quaternary structure (page 126); the hemoglobin 
molecule is composed of four subunits—two identical a-chains and 
two identical B-chains, each of which is similar to, but not identi- 
cal with, the myoglobin molecule. Accordingly, hemoglobin, unlike 
myoglobin, displays cooperative properties—a so-called heme-heme 
interaction takes place in hemoglobin. 

Oxygen and other ligands add on to the heme group, saturating 
the sixth coordination valence of the iron atom. The formation of 
this bond invokes a number of events in the protein molecule. 


15-0279 


226 Chapter 6. Physics of Enzymes 


The heme is ferroprotoporphyrin (see Fig. 2.14). The iron atom, 
which is in the divalent ferro-state (Fe?*), is coordinately bonded to 
the four nitrogen atoms of the pyrrole groups of the planar porphyrin 
ting. The fifth coordination bond directed perpendicularly to the 
ring plane joins the iron atom with histidine imidazole and the sixth 
valence is either free or occupied by a ligand. 

Hemoglobin and myoglobin and their oxygenated forms contain 
ferroheme. The oxidation of hemoglobin and myoglobin leads to the 
formation of ferri-compounds that contain a trivalent iron atom, Fe®*. 

The iron atom is paramagnetic. Table 6.2 lists the characteristics 
of the magnetic properties of hemoglobin and its derivatives in 
various states. 


Table 6.2. The Magnetic Properties of Hemoglobin 


; Magnetic 
Compound Valence fone moment: Spin 
magnetons 

Hemoglobin (Hb) 2 Absent 5.2-5.5 2 
Oxyhemoglobin (HbO,) 2 O, 0 0 
Carboxyhemoglobin [Hb(CO),] 2 CO 0 0 
Ferrihemoglobin (methemoglo- 

bin, metHb) 3 H,O 5.6-5.8 5/2 
Hydroxymethemoglobin 3 OH- 4.5-4.7 4/2, 5/2 
Ferrihemoglobin azide 3 ; 2.4-2.8 4/2 
Ferrihemoglobin cyanide 3 CN- 2.3-2.5 1/2 


We see that ferroheme can be in a high-spin (Hb) and a low-spin 
[HbOs, Hb(CO),] state. Ligand binding manifests itself in the ab- 
sorption spectrum in the visible region (Fig. 6.21). Table 6.3 gives the 
corresponding data. 


Table 6.3. The Absorption Spectra of Some Selected Heme Compounds 


a-Band 6-Band Soret band 

Compound ga ee ee 

2, nm e-1073 a4, nm e-10-3 24, nm e-107-3 
Heme 565 6.4 390 39.6 
CO-heme 562 14.6 530 41.9 406.5 447 
Hb 555 13.5 430 119 
HbO, 577 14.6 542 13.8 412 135 
Hb(CO), 569 13.4 539 13.4 419 491 
Mb 555 12.0 435 414 
MbO, 582 13.4 544 12.7 447 419 
MbCO 578 12.3 541 14.4 423 185 


The long-wave bands of heme, Hb and Mb, are not usually called a-bands. 
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The interpretation of the magnetic and spectral properties of heme 
is based on quantum-mechanical analysis. The outer ‘electrons of 
the iron atom have a 3d® configuration for Fe?*+ and a 3d° configura- 
tion for Fe®*+ (Fig. 6.22). Theoretical calculations are based on the 
ligand field theory. The molecular orbitals of the system are repre- 
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sented by the linear combinations 
of the orbitals of Fe, porphyrin 
ring, and ligands. Calculations 
give an electron-density distri- 
bution and electron energy lev- 
els. A number of questions, 
however, have not yet been 
solved, in particular, the problem 
of the strained heme with five 
coordination bonds in Hb and 
Mb. 

Hemoglobin and myoglobin are 
paramagnetic, in contrast to the 
vast majority of other biological 
molecules. In this connection, 
mention should be made of the 
so-called magnetobiology, which 
is concerned with study of the 
effect of magnetic fields on biolog- 
ical phenomena. Magnetic fields 
could, in principle, have an effect 
on the behaviour of hemoglobin 
and myoglobin and of the cor- 
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Fig. 6.22. The electronic structure of 
Fe?+ and Fe®+, 


responding cells and alsoyon the 
kinetics of biochemical reactions 
that involve free radicals. However, no reliable data have yet beer 
obtained on the effect of a magnetic field on biological phenomena. 

A special place is occupied by bacteria that have recently been 
discovered in peat bogs in the United States and that contain ferri-. 
magnetic magnetite, FeO-Fe,O3. These bacteria are capable of 
orientation in a magnetic field and they can be magnetized. At the 
same time, there is no scientific ground for stating that “magnetized 
water” plays a biological role, that water that has passed through 
un magnetic field speeds up, as it were, the growth of plants, has. 
bactericidal properties, etc. 

We know the primary structures of the hemoglobin and myoglo- 
hin of many species of animals and also of a large number of human 
mutant hemoglobins (see page 36). The deciphering of the spatial 
xtructure of Hb and Mb and the elucidation of conformational changes 
that arise upon binding of ligands are of particular significance. 
It is exactly for myoglobin and hemoglobin that the relation between 
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structure and properties has been especially thoroughly studied. 

The curve of saturation of Mb with molecular oxygen, Y (p), 
where p is the partial pressure of O,, is similar to the Langmuir 
isotherm: 


y P 
Y= Kp (6.69) 
On the contrary, the plot of Y versus p for hemoglobin has a point 
of inflection—it is a sigmoid curve. It can be described by the Hill 
equation: 
a 
K'+ p™ 


where K’ is a constant and the parameter n = 2.8. The two curves 


are shown in Fig. 6.23 [1—Y= Kp/(1+ Kp); 2—Y= 
= Kpi(1 + Kp): n = 2.8). 


(6.70) 
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Fig. 6.23. Saturation curves for myoglobin (1) and hemoglobin (2) saturated 
with molecular oxygen. 


The physiological meaning of the sigmoid curve of Y vs. p for 
hemoglobin is that the affinity of Hb for O, decreases as molecular 
oxygen is eliminated. The partial pressure of O, in tissues does not 
undergo significant changes. If the hyperbolic curve of Y vs. p 
[Eq. (6.69)] had been characteristic of hemoglobin, only a small 
fraction of molecular oxygen transported would have been released 
in tissues. As a result, the organism would have suffocated even in 
the atmosphere of pure oxygen. The efficiency of respiratory transport 
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is also controlled by the presence of a cofactor—2,3-diphosphoglyce- 
rate (DPG), which reduces the affinity of hemoglobin for O,, and 
by the Bohr effect. 

The Bohr effect, which is characteristic of hemoglobin but not 
of myoglobin, consists in the dependence of the affinity of Hb for O, 
on the pH of the medium. The affinity is minimal near pH 6 and 
maximal near pH 9. In other words, small concentrations of proton 
facilitate the addition of O, and, conversely, small concentrations of 
O, facilitate the addition of protons to Hb. By increasing the pH 
of venous blood and, thereby, enhancing its ability to absorb bicar- 
bonate, the Bohr effect provides the principal mechanism of reverse 
transport of CO, from tissues to lungs. 

The difference of the coefficient n from unity in the Hill equation 
(6.70) and the corresponding sigmoidicity of the curve of Y vs. p 
reflects the heme-heme interaction, i.e., the interplay of the four 
subunits and, hence, the cooperativity of the addition of O,. The 
changes in enthalpy upon binding of the first, second, third, and 
fourth O, molecules by sheep hemoglobin are as follows: AH, = 
= —65.9+ 3.38, AH, = —47.8+ 10.5, AH, = —32.7 + 13.8, 
and AH, = —36.5+ 13.8 kJ/mole. The binding of oxygen O, 
is increased as the addition is continued. 

The events that occur in the hemoglobin molecule on oxygenation 
have been disclosed by Perutz by means of X-ray diffraction studies. 
The O, molecule binds to the Fe atom of heme. In HbOg the Fe atom 
is in the heme plane, at its centre. In high-spin hemoglobin, the Fe 
atom is at a distance of 0.05 nm from this plane in the direction of the 
imidazole ring of His F8. In such a state the coordination number of 
Fe is 5. Oxygenation makes Fe pass to a low-spin state and increases 
the number of Fe ligands by unity. These changes cause alterations 
in contacts between the heme and the tightly packed amino-acid 
residues of the protein. In other words, electronic-conformationak 
interactions result in a rearrangement of the protein globules. 

The heme is in direct contact with 60 atoms of the protein. Intro- 
duction of even the smallest ligand, OH-, which has a radius of 
0.15 nm, brings about a conformational change in the f-subunits 
of hemoglobin. In these subunits the y-CH, group of the residue 
Val E11 is found to be a distance of 0.25 nm from OH~-, which is 
less than the sum of the van der Waals radii. Hence, in the B-globules 
of Hb there is no place even for the smallest ligand, and on oxygena- 
tion the distance between the heme and Val £11 must increase by 
about 0.1 nm. On the contrary, in the a-subunits no such displace- 
ment occurs, since the width of the “pocket” is enough for the ligand 
to be incorporated. 

In HbO, the C-terminus ends of all the four chains are completely 
free to rotate, and the second-to-last residues Tyr (140) are partially 
free. On the contrary, in Hb each of the C-ends is doubly fixed by 
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salt bridges of Arg (141) a, with Asp (126) a,, His (446) B, with Lys 
(40) a, and Asp (84) f,. All the four penultimate Tyr residues are 
rigidly fixed in the cavities between the F- and H-helices by van der 
Waals and hydrogen bonds. The oxygenation of Hb causes a shift 
of the F-helix and a rupture of salt bridges, as a result of which Tyr 
(140) is removed from the pocket between the F- and H-helices; 
at the same time, the width of the pocket is diminished by 0.13 nm 
in the a-chains and by 0.2 nm in the B-chains. This rearrangement is 


Hb HbO, 


Fig. 6.24. The displacement of Tyr HG2 (140) on oxygenation. 


shown in Fig. 6.24. The rearrangements in the subglobules and rup- 
tures of the salt bridges alter the quaternary structure. The displace- 
ments that occur in the o,f, and a.f, contacts are 0.1 nm and those 
in the a,B, and a,B, contacts are 0.7 nm, which is a very large dis- 
tance. These latter contacts are of greatest significance. The mutant 
replacements in the corresponding regions appreciably reduce the 
heme-heme interaction. 

The term “heme-heme interaction” is, of course, tentative. What is 
meant here is not the interaction between heme groups—the distance 
between them is too large for such an interaction to be realized. 
The interaction of the subunits is determined by conformational 
events, which are triggered by the displacement of the Fe atom into 
the plane of the porphyrin ring and by the corresponding shift of the 
proximal His by 0.075-0.095 nm. The F-helix is shifted to the centre 
of the molecule and pushes Tyr (140) from the cavity between the 
F- and H-helices. The Tyr residue that has been expelled drags 
Arg (141) and disrupts the salt bridges with the opposite a-chain. 
The situation in the B-chains is different. Before the ligand reaches 
the Fe atom, it has to open up the cavity near the heme. There is 
formed a new Fe—ligand bond, the Fe atom is moved into the plane 
of the heme, and the F-helix shifts to the centre of the molecule and 
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pushes Tyr (145) from its pocket. This residue pulls His (146) and 
disrupts its salt bridge with Asp (94). 

The structure of Hb is stabilized by DPG, which forms extra salt 
bridges between the B-subglobules. On oxygenation DPG is removed 
from the molecule. 

According to Perutz, each of the subunits can be in the state of 
deoxy- and oxy-conformation. The binding of O, makes the subunit 
pass to the oxy-conformation, but the quaternary structure remains 
to be deoxy until two O, molecules are bound; oxygenation pre- 
sumably starts from a-subglobules, since there is sufficient place in 
them for a ligand to be incorporated. The scheme of the process shown 
in Fig. 6.25 is 


+0, +0, —DPG 
D 0,,DeDeD\D 0,,OpDpD 
(aParBPBe)? ——> (aPaPBPBSy? ——> (aPagpPpy)? —— 
+0; +0, 
0,,0 Og0pD\0 0,,0p 0p0\0 
> (aPasBPBp)? > (aDay B26) > (a; 058785) 


The essence of the process is as follows: as a result of its specific 
structure, the heme group enhances a slight change in the atomic radi- 
us that occurs in the Fe atom upon transition from the high-spin to 
the low-spin state and transforms this change to a large displacement 
of the heme-bound His. The electronic events are transformed to con- 
formational events, with all the consequences involved. 

The interaction energy of the subunits is about 50 kJ/mole, this 
corresponding to the energy of the salt bridges that form the contacts. 

Hemoglobin is tetrameric, its splitting into dimers occurs at 
small concentrations. This must entail the breaking of the salt bridges 
and the quaternary structure will assume the oxy-conformation. 
Cooperative effects are determined by the tetrameric structure. 

Valuable information about interactions in Hb has been obtained 
by means of magnetic polarimetry (Sec. 5.8) and the Méssbauer 
effect (Sec. 5.3). Magnetic rotatory dispersion (MRD) and magnetic 
circular dichroism (MCD) are extremely sensitive to the specific 
features of the structure of Hb and Mb which are practically indistin- 
guishable in the absorption spectra. Figure 6.26 shows MRD curves 
for Mb and its complexes with ligands. These are electronic effects. 
Their good correlation with the conformational stability of the 
complexes on denaturation with urea is a direct evidence of electronic- 
conformational interactions (Sharonov ef al.). 

The a-band of Mb, which is not practically undetectable on absorp- 
tion but observable in MRD and MCD, is very sensitive to the heme- 
heme interaction. For Mb and also for the a- and B-subunits of Hb 
in the a- and B-bands the MRD curve is about the same. On the con- 
trary, in tetrameric Hb the effect in the a-band is twice as strong 
as in the B-band (Fig. 6.27). The MRD method has made it possible 
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to study the dissociation of Hb into subunits. It has been found that 
at pH 10-11 the tetramers dissociate into noncooperative af dimers. 

The Bohr effect has been interpreted in molecular terms. The con- 
formational transitions oxy-Hb = deoxy-Hb alter the environment 
of three pairs of weak bases in such a manner that they tend to add 
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Fig. 6.26. The magnetic-rotatory-dispersion (MRD) curves of Mb and its: 
complexes. 


protons upon expulsion of O,. This is accounted for by transfers of 
ionogenic amino-acid residues. The ratio of O, to protons in Hb is. 
the same as the substrate-allosteric effector ratio in allosteric enzymes. 

Wyman has worked out a phenomenological theory of bound 
functions for hemoglobin and allosteric enzymes. Let us assume that. 
the molecule of an allosteric enzyme binds two ligands, X and Y, 
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while having q active sites for X and r active sites for Y. The total 
concentration of molecules of the allosteric enzyme is given by 


q us . : 
C=Cy dy > K,;a'y’ (6.71) 
i=0 j=0 


‘where cy is the concentration of free molecules, z and y are the con- 
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and isolated a- and f-chains (2). saturation of the horse hemoglobin 
with oxygen. 


centrations of X and Y, respectively, and K;; is the equilibrium 
constant for the reaction 


M-FiX+j¥ = MXiYy 


‘The saturation functions are given by 


al Kyjxtyi aln SYS) Kyjatys 
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From this it follows that 


(S*) = (GE), (6.73) 
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It is convenient to represent the equilibrium curve of the ligand not 

by the quantity Yx but in the form of the plot of In [z/(1 — z)], 

where z = Yx/q, against Inz and to introduce the parameter n 
defined as : 

dln{z({—z)}] ss 11 dz 

ae ding ~ g(i—2z) ainz 


(6.74) 


If all the sites are identical and are independent of each other, then 
the plot is a straight line with nm = 1. For stabilizing interactions, 
i.e., at (OY x/0 ln x) > q, the value of n is greater than unity. This 
is in accord with the Hill equation (6.70), which can be rewritten 
in the following form: 


Zz 


ln Tt =InK+nlnz (6.75) 
—z 
Figure 6.28 shows the graph described by Eq. (6.75), where x = p, 
for horse hemoglobin. Here n = 2.95 + 0.05 and the free energy 
of interaction of Hb with O, is 10.9 kJ/mole. Using the Wyman 
theory, one can easily describe the Bohr effect (X = O, and Y = H*). 
Hemoglobin can bind O, and CO. Upon saturation the distribu- 
tion coefficient A is independent of the partial pressures of the two 
gases (the first Haldane law): 


[Hb(CO),] 4 Pco 
Ciao 4 (6.76) 


The second Haldane law states that the saturation upon interaction 
with a mixture of O, and CO is a function of po, + Apco. This 
law follows from Eq. (6.76). 

The properties of hemoglobin demonstrate the dynamic behaviour 
of the protein. The tertiary and quaternary structures of hemoglobin 
oscillate rapidly and continuously between the oxy- and deoxy- 
conformations. The addition of a ligand causes a shift of the confor- 
mational equilibrium. This is what we know as the electronic-confor- 
mational interaction. 


Chapter 7 Physics of Nucleic Acids 


7.1. Molecular Biology and Physics 

Molecular biology is concerned with study of the molecular nature 
of basic life phenomena, primarily heredity and variability. These 
phenomena are determined by the structure and properties of nuc- 
leic acids—informational macromolecules. The origin and develop- 
ment of molecular biology is linked with the discovery of the genetic 
role of nucleic acids and with its deciphering. The genes, i.e., frag- 
ments of DNA and RNA molecules, control the synthesis of proteins. 
These molecules perform “legislative” functions, while proteins are 
“executive” compounds. Molecular biology was originated with the 
discovery of the transformation of bacteria by means of DNA (Avery, 
MacLeod, McCarty, 1944). Molecular biology seeks an explanation 
for the biological phenomena in chemistry and molecular physics. 
It deals with a wide range of life processes, including enzyme catal- 
ysis, membrane transport, mechanochemical phenomena, etc. In 
distinction to classical biochemistry, molecular biology combines 
with physics and its specificity consists exactly in the physical as- 
pects of investigations and problems. 

In the preceding chapters we examined the problems of molecular 
biophysics connected with the structure and functionality of proteins. 
We now turn to physical problems pertaining to the structure and 
properties of nucleic acids, to protein biosynthesis. These problems 
are as follows. 

1. The secondary and tertiary structures of all kinds of nucleic 
acids. The relation between structure and biological properties. 

2. The genetic code which determines the relationship between 
the nucleotide sequence in genetic DNA and RNA and in messenger 
RNA (mRNA) and the amino-acid sequence in the protein chain. 
The problem of the genetic code, which arises in the atomic-molecular 
treatment of the processes of protein biosynthesis, is physical in 
nature. This problem has been solved. 

3. The physical meaning and origin of the genetic code. The code 
is not accidental; presumably, it originated in the course of prebio- 
logical evolution. Physics is called upon to disclose the internal 
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telations of the code and to build a theoretical model of its evolution. 

4. The conformational properties of nucleic acids. The behaviour 
of nucleic acids, like that of proteins, is monitored by electronic- 
conformational interactions. Theoretical and experimental investi- 
gations of the conformations of nucleic acids and their changes unravel 
the mechanisms of molecular biological processes. This refers, in 
particular, to denaturation and renaturation of nucleic acids, DNA 
reduplication and replication (transcription and reverse transcription) 
of DNA and RNA. 

5. Internucleic and nucleic-protein molecular recognition. The 
nucleic-acid-protein interaction is of greatest significance for the 
regulation of protein biosynthesis and of the action of the genes. 

6. The interactions of nucleic acids with small molecules and ions 
which are very important for the functioning of nucleic acids and 
for the formation of higher levels of their structure. 

7. The structure and properties of supermolecular nucleic-acid- 
protein system—ribosomes and chromosomes. The molecular mecha- 
nisms of their functioning. 

8. The physical mechanisms of point mutations, i.e., alterations 
in the primary structure of informational macromolecules of DNA 
and RNA. 

9. The theoretical (physico-mathematical) modelling of develop- 
ment processes—prebiological and biological evolution, ontogenesis 
and cancerogenesis—which lean on the known properties of nucleic 
acids. 

This list does not claim to be complete. Some of the problems men- 
tioned above have already been solved; others are still in the initial 
stage of resolution. 

Physics has played an important role in the building of molecular 
biology. It will suffice to point to the discovery of the double helix 
of DNA made with the aid of X-ray diffraction analysis, and the 
clear-cut formulation of the problem of the genetic code. The general 
physical approach to biological problems used by Schrédinger in his 
book What is Life? (1945) stimulated the development of molecular 
biology. 

For the last 10-15 years the situation in molecular biology has 
changed. After the biological molecules had been studied and the 
genetic code deciphered molecular biology switched over to much 
more complex supermolecular and cellular systems. It has proved 
to be possible to approach to the solution of problems associated with 
the molecular genetics of ewkaryotes, with the phenomena of onto- 
genesis. At this stage molecular biology has divorced from theoretical 
and experimental molecular physics. This happened because of the 
complexity of the processes studied by modern molecular biology. 
Only in rare cases is the information on these processes sufficient 
for the formulation of physical problems. However, the physico- 
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mathematical modelling ot the behaviour of eukaryotes (mitosis 
and meiosis) and ontogenesis is being developed and serves as an 
important source of ideas for theoretical biology. We shall introduce 
the reader to these trends of investigations in the last chapters of 
the book. 


To the chain 


Fig. 7.4. Adenine-thymine (A-T) and guanine-cytosine (G-C) pairs. 
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The Structure of Nucleic Acids 


The relation between the structure of the molecule and its func- 
tional properties is far from being always simple and obvious. 
We have seen how difficult it is to establish this relation for proteins. 
The situation is different with nucleic atids, in particular, with 


DNA. Here at least one highly 
important function—DNA repli- 
cation—has been qualitatively 
explained immediately after the 
discovery of the secondary stru- 
cture. 

The secondary structure of 
DNA was established by X-ray 
diffraction analysis in the works 
of Franklin, Crick, Watson, and 
Wilkins (1952). The oriented 
fibres of lithium salts of native 
DNA gave X-ray diffraction 
patterns containing up to 100 
reflections (see Fig. 5.5). The 
cross-shaped array of reflections 
directly shows that the structure 
is helical. 

Native DNA is built up in the 
form of a double helix, which is 
composed of two intertwined 
polynucleotide chains, whose 
nitrogenous bases are bound in 
pairs by hydrogen bonds, adenine 
(A) always pairing with thymine 
(T) and guanine (G) always 
pairing with cytosine (C). These 
pairs (Watson-Crick pairs) are 
shown schematically in Fig. 7.1 
and the molecular model of the 
double helix (the B-form) is given 


Fig. 7.2. The molecular model of the: 
B-form of DNA. 


in Fig. 7.2. Thus, the two chains of DNA in the double helix 


are complementary to each other, 


i.e., there exists a unique corre- 


spondence between their nucleotides: T is complementary to A and G 
is complementary to C. This complementarity discloses the meaning 


of Chargaff’s rules (see page 41). 


DNA can crystallize in various double-stranded forms. At a low 
relative humidity (up to 70 %) DNA crystallizes in a monoclinic 
A-form with the lattice parameters being as follows: a = 4.04 nm, 
b = 2.207 nm, and B = 97.1°. At a high humidity a hexagonal 
B-form is obtained, for which a = 4.6 nm. The two forms of the 
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Na-salt of DNA are shown schematically in Fig. 7.3. The C-form 
was discovered later. Table 7.1 lists the characteristics of the A-, 
B-, and C-forms of DNA. They differ in pitch of the double helix, 
the angles of rotation between neighbouring base pairs, and the slope 
of the plane of base pairs to the helix axis. 

The conformation of a polynucleotide chain is determined by 
a set of angles of rotation shown in Fig. 7.4. The angles are counted 
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off as follows: if we look in the direction of the bond about which 
rotation takes place, the farthest bond is rotated in the clockwise 
direction relative to the nearest one. Counting is made from the 
cis-position of the bonds (Fig. 7.5.). Table 7.2 presents the values 
of the angles of rotation for the three conformations of DNA. 


Table 7.1. The Geometry of DNA in Its Various Forms 


: Number Shift by Bs 

Humi- . Heli 
DNA sat _odity, OE Units pitch, SE e, aes, eSB 
per cent of helix mm nm tide, deg z 7 
Ne pen . i Aa eae a 7 20 16 
a, B-form 2 41 3.46 0. — _— 
Li, B-form 66 10 3.37 0.337 36 2 5 
Li, C-form 66 9.3 3.10 0.332 39 6 10 


Here 1 is the angle between the normal to the helix axis and the plane of the 
bases; Qo is the dihedral angle between the planes of the paired bases. 


The conformation of the polynucleotide chain depends on the 
conformation of the sugar—ribose or deoxyribose. The sugar is 
present in four conformations, which differ in which of the atoms 
of the five-membered ring, C, or C, (Fig. 7.4), is brought out of 
‘the plane of the other four atoms. If the atom C, (or C,) is on the 
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same side of the plane as C,;, the conformation is called the endo 
conformation; in the opposite case we have the exo conformation. 
Hence, there are possible the C,-endo, C,-endo-, C,-exo-, and C;-ero- 
forms. The first two forms are encountered, more frequently. 
Theoretical calculations of the conformations of polynucleotide 
chains and double helices are not simple, since these conformations 
depend on many angles. The ribose or deoxyribose group is also 
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Fig. 7.4. The angles of rotation ina unit Fig. 7.5. The direction of rota- 
of the polynucleotide chain. tion. 


conformationally labile. Accordingly, calculations are carried out 
with a “rigid” and a “soft” sugar. 

Experiment (the diffuse scattering of X-rays, CD, etc.) and theory 
have shown that one should speak not of the individual conforma- 
tions A, B, C of DNA but rather of the conformational families 


Table 7.2. The Conformations of DNA 


Form ~, deg 0, deg e, deg o, deg @, deg @, deg 
A 283 167 67 76 221 279 
B 281 212 58 130 147 282 
Cc 315 143 48 168 211 212 


A and B. The C-form as well as the 7- and D-forms are similar to 
the B-form and belong to the B-family. The double helix proves 
to be a structure capable of continuously undergoing conformational 
changes. Within the A and B families the conformations are changed 
non-cooperatively, perhaps through a smooth gradual change in para- 
meters of the helix. On the contrary, the change from one family 
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to the other, 4 — 8B, occurs sharply, cooperatively, and is accom- 
panied by a jumpwise change of the conformation of the sugar from 
3-endo to 2-endo. It has been shown that for a given arrangement of 
the nitrogenous bases there is a limited number of conformations of 
the sugar-phosphate backbone of the regular double helix (Ivanov 
and coworkers). 

All the above-mentioned double helices of nucleic acids are right- 
handed. However, left-handed double helices have recently been dis- 


Fig. 7.6. Double helices built up of antiparallel (a) and parallel (b) chains. 


covered. Such is the structure of the synthetic double-helical polymer 
polydeoxy (GC) and also of the double helix of poly-deoxy (AC)- 
poly-deoxy(GT). 

The double helix of DNA in any possible conformation is charac- 
terized by wide and narrow helical grooves on the surface of the 
macromolecule. 

Obviously, there are two possibilities for the organization of the 
double helix—from parallel and antiparallel chains (Fig. 7.6). The 
validity of the second model has been proved by X-ray diffraction 
and biochemical data. The chains in the double helix are antiparallel. 

The specific double-stranded structure of DNA provides a direct 
explanation for two important facts—the replication of DNA upon 
mitosis and the metabolic stability of DNA. According to Crick 
and Watson, on replication the double helix is first split as a result 
of the breaking of the hydrogen bonds and uncoiling of the chains. 
Each strand acts as a template for the formation of a new strand, 
which is complementary to the template. The monomers of the new 
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chain join with the parental strand, forming Watson-Crick pairs 
A—T, T—A, G—C, and C—G. At the same time the nucleoside 
triphosphates are polymerized, this resulting in the formation of two 
double helices which are identical to the parental helix. Such a semi- 
conservative model (the new helix contains one old and one new chain) 
is indeed confirmed by experiment (see Sec. 7.7). The errors on repli- 
cation are point mutations (Sec. 8.7). The double helix is similar to 
a one-dimensional crystal; the nitrogenous bases in it are tightly 


Fig. 7.7. Electron micrograph of the closed double helix of DNA from phage A. 
Magnification 44,000. 


packed and strongly bound by weak interactions (Sec. 7.3). This 
accounts for the metabolic stability of DNA and the high conserva- 
tion of the genes. In his time Schrédinger speculated on the factors 
responsible for the stability of a substance built up of the light 
atoms C, H, N, O, P. The discovery of the double helix provided an 
answer to this question. 

DNA are the largest molecules known to science. From the T2 
phage there were isolated circular double-stranded molecules of 
DNA with a length of 49 ym, and the DNA molecules produced from 
E. coli were 400 um long, which corresponds to a molecular weight 
of the order of 10°. Figures 7.7 and 7.8 show the photographs of the 
DNA molecules obtained in the electron microscope. 

Solutions of native DNA are highly viscous. This does not mean, 
however, that the entire macromolecule is a double-helical rigid 
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rod. DNA is twisted into a very loose coil, since its rigidity is very 
great—the persistent length of DNA (see page 83) is 50 nm in 0.15M 
NaCl and 80 nm in 0.0014M NaCl. 

The length 50 nm corresponds approximately to 150 nucleotide 
units. The density of DNA, which is approximately equal to 1.7 g/cm, 


Fig. 7.8. Electron micrograph of DNA from phage T2. Magnification 80,000x. 


increases linearly with increasing content of G-C pairs (the molecu- 
lar weight of A-T is 247 and that of G-C is 273). However, the 
A-T and G-C pairs occupy nearly the same volumes in the double 
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helix. For each percent of the G-C pair there is an increase in density 
of 0.00103 g/cm*. 

On heating, change of pH, etc., DNA undergoes denaturation— 
the transition from the double helix to two coils (Sections 7.4 and 
7.5). This transition can conveniently be followed from the absorp- 
tion spectrum of DNA (in the 
260 nm region) and from CD 
curves. The double helix exhibits 
high hypochromism in this re- 
gion—the absorption intensity of 
a helical nucleic acid is much 
smaller than that of the dena- 
tured, coiled structure. 

The circular dichroism (CD) 
of oriented and unoriented films 
of DNA is changed with a change 
in humidity and ionic strength. 
The CD spectra of the Na- and 
Li-salts of DNA with a relative 
humidity equal to or greater than 
92 percent are the same as those 
of solutions and correspond to the ‘ 
B-form. With a relative humi- (a) (b) 
dity ranging from 75 to 66 per- Fig. 7.9. The possible secondary 
cent the films with 3 percent of structures of poly (U)-poly(AU) com- 
Na* give a CD spectrum that plexes. 
corresponds to the A-form. Cir- 
cular dichroism yields informa- 
tion on the conformational properties of DNA in solutions and 
in films. Very interesting are the investigations of the anisotropy 
of CD and optical activity of DNA macromolecules oriented in the 
stream (page 173). 

The above-indicated methods disclose two-stranded portions in 
RNA molecules, in which no complementary chains are present 
and which do not obey Chargaff’s rules. The double-stranded por- 
tions of nucleic acids are modelled by synthetic polynucleotides. 
In 0.4M NaCl, poly-A forms a double helix with poly-U, the stron- 
gest hypochromic effect (i.e., the greatest degree of double-helicity) 
being observed with a1 : 1 composition of the polynucleotide mixture. 
In the presence of divalent cations, in 1.2 x 10-? M solutions of 
MgCl,, maximum hypochromicity corresponds to the 2:1 ratio 
of poly-U and poly-A, i.e., there is formed a triple helix. Cations are 
necessary for the formation of a helix, since they compensate for 
the charges on the phosphate groups and, hence, diminish the elec- 
trostatic repulsion of the chains. 

A study of mixtures of poly-U and poly-AU copolymers of various 
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composition has enabled the elucidation of the nature of defective 
sites in the double helix. Adenine (A) is complementary to uracil 
(U) and pairs with it; uracil does not pair with uracil. The interaction 
between poly-U and poly-AU may lead to the formation of two struc- 
tures shown in Fig. 7.9. Either at those sites where U is opposite U 


Fig. 7.10. Schematic represen- 
tation of the structure of phage 

PPP. OH RNA. The circles show the four 
types of nucleotides. 


here are no hydrogen bonds but the helix retains its helical struc- 
ure (Fig. 7.9a), or the unpaired nucleotides are pushed out of the 
helix and form loops (Fig. 7.9b). These two structures differ in the 
ratio of poly-U to poly-AU with the same degree of polymerization 
in a system exhibiting maximum hypochromism, i.e., in a double 
helix. For the structure a this ratio is 10: 10, and for the structure 
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b it is 6:10. Experiment provides an unambiguous evidence in 
favour of the second possibility—loops are formed. 

All types of RNA are characterized by the presence of both extend- 
ed loops and double-stranded portions, which form “hairpins”. 
Figure 7.10 shows the structure of one RNA. Pairing of bases occurs 
only in double-stranded portions. The denaturation stability of 
RNA also increases with increasing content of G-C pairs. 

Relatively small molecules of tRNA have been studied especially 
thoroughly. They also contain double-stranded portions. We shall 
describe them in Sec. 8.4. 

The double helix of DNA is closed into a ring in the cells of bacte- 
ria (e.g., in Escherichia coli), in particles of bacteriophages, etc. 
DNA, either circular or unclosed, may be treated on the basis of 
the rigid-rod model, which is characterized by two energy parame- 
ters—axial flexural rigidity and torsional rigidity (see page 83). 
The persistent length of DNA is close to 60 nm—the double helix 
has a high flexural rigidity. The circular closed DNA consists of two 
entangled loops; the order of this entanglement called the linking 
number Lk is an important characteristic and a topological invar- 
iant. Moreover, it is characterized by the number of rotations Mw 
executed by one of the strands of the double helix relative to the 
helix axis during motion along the axis. If the axis of the double 
helix is in the plane, then Lk = Mw. In the general case, the nonzero 
difference of these quantities expresses the degree of twist of the axis 
of the double helix, Q@ = Lk — Mw. The torsional rigidity of the 
double helix is determined from the mean-square fluctuation Q, 
i.e., from (Q?) = ((ALk)?) — ((AMw)?). Knowing the value of 
torsional rigidity, one can obtain an estimate of the free energy 
required for the alteration of the angle of helical rotation of DNA 
by a specified amount. For example, in order to increase this angle 
by 2.6°, which corresponds to the transition of DNA from the B- to 
the C-form, only 0.12 RT must be expended. The torsional rigidity 
of DNA is not high. The theoretical and experimental investigation 
of the superhelical closed DNA has attracted great attention. 

The double-stranded DNA has a specific tertiary structure in solu- 
tion in the presence of polyethylene glycol. DNA assumes a compact 
form of a torus. Under these conditions CD undergoes a change. This 
is evidently accompanied by the aggregation of DNA molecules. 
The diameters of the toruses vary from 80 to 140 nm. The formation 
of a torus is a reversible conformational transition. 


7.3. Intramolecular Interactions in the Double Helix 

The structure of the double helix of DNA and double-helical por- 
tions of RNA is determined by weak interactions—hydrogen bonds 
and electrostatic and dispersion forces. 
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Free nitrogenous bases form hydrogen-bonded complexes in the 
solid state. The structure of such complexes has been established in 
a number of cases. There have been found structures that are differ- 
ent from the Watson-Crick model. Figure 7.11 shows the structure of 
the pair 9-methyladenine-1-methylthymine (MA-MT). The nitrogen 
atoms N, in T and N, in A are blocked by methyl groups to avoid 
the formation of extra hydrogen bonds. We see that the N, atom 
in MT forms a hydrogen bond with the imidazole nitrogen of MA. 
This structure differs from the Watson-Crick structure. The possi- 

bilities of formation of hydrogen 

bonds between the various atoms 

CH; of the nitrogenous bases of DNA 

and also the tautomerism of the 
nitrogenous bases are essential 


H ae N ‘ae for mutagenesis. A strong muta- 
NY Hv b gen, bromouracil (methylated), 
nz N has been examined in pairs with 
| S ethyladenine and methyladenine. 


SS N It is interesting that in these two 

closely related cases there are 

Fig. 7.11. The structure of a 9-me- obtained different structures. In 

thyladenine-1-methylthymine com- the first pair, hydrogen bonds 

plex. are formed in O,—Ng, and 

N;—N,, and in the second, in 
O,—Neg and N,—N,. 

It is remarkable that in solutions the association of bases occurs 
predominantly in accordance with the Watson-Crick model. Hydrogen 
bonds appear in the A-U, A-T, and G-C pairs, but not in the 
G-U, A-G, and A-C pairs. Accordingly, crystals with noncomple- 
mentary pairs cannot be produced from solution. 

The melting point of the double helix, i.e., the temperature of the 
helix-coil transition, depends linearly on the content of G-C pairs. 
From this it does not, however, follow that the energetics of the 
double helix is entirely determined by hydrogen bonds. Upon melt- 
ing the hydrogen bonds between the bases are replaced by bonds 
with water molecules. Therefore, the difference of hydrogen-bond 
energies between the helix and the coil is small. There must be other 
factors that stabilize the double helix. 

Aside from the “horizontal” interactions of nitrogenous bases 
in their planes in the double helix, there also exist stacking inter- 
actions in the double helix between the bases that belong to neigh- 
bouring pairs. These are interactions between parallel and not between 
coplanar bases directed at right angles to the bases along the axis 
of the double helix. 

Nitrogenous bases are m-electronic systems. Strong dispersion 
interactions occur between the planar x-electron rings arranged paral- 
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lel to each other (Fig. 7.12). Therefore, the flat molecules of dyes, 
whose colour is determined by the conjugation of x-electron bonds, 
prove to be capable of forming polymers in solution. These polymers, 
in which the monomers are joined by dispersion forces, have specific 
optical properties, since they experience an exciton transfer of exci- 
tation energy. In the double helices of polynucleotide the parallel 
packing of bases is manifested, in particular, in the hypochromic 
effect (see Sec. 5.4). 

The first theoretical calculations of the interactions between the 
nitrogenous bases in DNA demonstrated that the van der Waals 


Fig. 7.12. The structure of 
a polynucleotide in the re- 
gion of the helix-coil transi- 
tion. 


(i.e., dipole-dipole, induction, and dispersion) interactions in the 
G-C pairs are considerably stronger than those in the A-T pair. 
Later, the electrostatic interactions were treated in a more rigorous 
way, and also the repulsive forces were taken into account with 
the aid of atom-atom potentials. A method was devised for calcula- 
tion of the energies of horizontal and stacking interactions which 
are computed as the sums of atomic interactions. What is determined 
here is the sum of the energies of electrostatic and polarizing inter- 
actions and the energy of repulsion. The charges on the atoms and 
bonds are found by means of approximate methods of quantum chem- 
istry. The efficiency of the method of calculation is tested by calcu- 
lations of the energies of a number of molecular crystals and compari- 
son of these with the experimental values of the heats of sublimation. 
The values found for naphthalene and anthracene are, respectively, 
75.6 kJ/mole (the experimental value is 72.4) and 104.2 (experi- 
ment, 98.8, 100.0, and 104.2). These data point to the order of 
magnitude of stacking. The greatest energy corresponds to two 
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neighbouring antiparallel C-G and G-C pairs. We shall not cite 
numerical data, since they are as yet not unambiguous and 
depend substantially on the method of calculation. Presumably, 
the energy of stacking interactions varies for different pairs be- 
tween 40 and 60 kJ/mole, which appreciably exceeds the hydrogen- 
bond energy. 


7.4. Thermodynamics of Melting of the Double Helix 

The denaturation of nucleic acids boils down to the destruction 
of the double helix (DNA) or helical double-stranded portions (RNA). 
The heating of a solution of native DNA causes the separation of the 
double helix into two chains, which form random coils. In this process, 
the viscosity and optical activity are diminished and the hypochro- 
mism disappears, i.e., the absorption intensity in the 260 nm region 
increases. The separation into two chains is directly proved by the 
centrifugation of DNA containing 1*N in the CsCl density gradient 
(cf. page 88). The cells of E. coli grown in a culture medium on °N 
were transferred into a medium with ordinary 44N. Upon cell divi- 
sion there were formed replicated double helices, in which one chain 
contained 5N and the other*4N. Before denaturation there was ob- 
served one density peak (1.717 g/cm*) corresponding to *®N-!4N double 
helices. After denaturation two peaks appear—1.740 and 1.724 g/cm? 
corresponding to single-stranded coils with #5N and 14N, respectively. 
The density increases, since the coils are more compact than the 
helix. The molecular weight of DNA diminishes twice upon denatura- 
tion. The formation of coils is observed in the electron microscope. 

The simplest model of the double helix is formed by two comple- 
mentary chains of homopolynucleotides, say, poly(A) and poly(U). 
This double helix melts at 65°C in a 0.15M solution of NaCl at pH 7.0. 
The intensity of the 260-nm absorption band increases on melting by 
34 percent and the specific rotation gs) diminishes by 275°. 

The linear dependence of the melting temperature of DNA on the 
content of G-C pairs gives on extrapolation the limiting maximum 
values of T, = 69°C for poly (A-T) and 110°C for poly (G-C), which 
agree well with experimental values for the corresponding synthetic 
polynucleotides (65 and 104°C). The melting point of DNA increases 
with increasing ionic strength of the solution approximately in pro- 
portion to the logarithm of the cation concentration. This increase 
is understandable—the higher the cation concentration, the more 
compensated are the negative charges of the phosphate groups and, 
hence, the weaker is the repulsion between the complementary 
chains. 

The melting of DNA has been studied by Doty as back as 1957. 
This phenomenon is specific; DNA is a unique example of a one-di- 
mensional ordered structure with an aperiodic distribution of units. 
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Before turning directly to DNA it will be useful to consider a sim- 
pler double helix built up of two complementary homopolynucleotide 
chains. In the region of the helix-coil transition such a molecule 
consists of alternating helical and disordered portions—loops 
(Fig. 7.12). If we denote the number of disrupted pairs by N, and 
the number of bound pairs by N, and the number of double-stranded 
portions is assumed to be equal to the number of loops n, then the 
free energy of the system will be written in the form 


G(M1, Nz, n) = N,G, + NG, + nG, — TS, (7.1) 


where G, and G, are the free energies of the completely separated and 
fully double-stranded molecules referred to one base pair; G, is the 
free energy required for the formation of a loop, i.e., the molten 
region between two helical regions. Finally, Sy is the entropy of 
mixing of the helical and nonhelical portions, i.e. (per mole): 


N,! 
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foe minimum of G at a given temperature corresponds to the condi- 
tion 
N N. 4 
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where o = exp (—G,/RT) is the cooperativity factor (see page 110). 
The lower the value of o, the higher is the cooperativity. The equi- 
librium values of V,, N,, and nm are found by differentiation of G 
with respect to N,, the value of N, being equal to the difference 
N — N,, where N is a constant. Equating 0G/0N, to zero, we obtain: 


Cree. 
Rr (7.4) 
Thus, a homopolymer in the transient region is a sequence of heli- 

cal and nonhelical portions, whose dimensions are determined by o. 

This is associated with the unidimensionality of the system, which 

cannot be separated into phases according to the Landau-Lifshitz 

theorem (1930). 

The melting curve, i.e., the dependence of the fraction of disordered 
pairs V,/N = 1 — 0 (where 0 is the degree of helicity) on temper- 
ature 7, is the steeper, the smaller is the value of o. At o = 1 no 
cooperativity is present and at o = 0 the cooperativity is complete. 
In the midpoint of the melting range the derivative | d0/dT | is 
maximal and the range is determined by the following condition: 


AT (7.5) 
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The course of the curve is shown in Fig. 7.13. A calculation based 
on the Ising model (see pages 79, 111) yields: 


1 yaGie RE ‘ 
AT = 401/2 ——n (7.6) 


where AZ is the enthalpy change between the helical and the nonheli- 
cal molecule per base pair. From the experimental values of AT’ 
for synthetic homopolynucleotides there is obtained o ~ 10-4 to 
10-5, i.e., G, ~ 30 kJ/mole. The 
extent of cooperativity is very 
high. 

The detailed studies of hetero- 
polymers carried out by Lazur- 
kin, Frank-Kamenetsky, and 
their colleagues have made it 
possible to build a theory appli- 
cable to DNA and its complexes 
with small molecules. The treat- 
ment of heterogeneity requires 
that two factors be taken into 
account—the difference in stabil- 
ity between the A-T and G-C 
pairs and an extra strengthening 
or weakening of the double helix by ligands. The influence of these 
factors is different, since the ligands added can be redistributed along 
the chain during melting and the primary structure is not altered. 

Assume that m, molecules of the ligand are linked together by 
nonhelical portions of the polymer and m, molecules by the helical 
portions. In place of Eq. (7.1) we have 


G(N,, No, n, my, me) = N,G,+ NG. + nG@,+ 
mnie 4 spy PS eR ae ee. 


my!(Ny—m,)! mel (N2—m,)! 


Fig. 7.13. The helix-coil transition 
in DNA. 


where g, and g, are the free energies of the ligands in the nonhelical 
and helical portions, respectively. The last term incorporates the 
entropy of mixing of the polymer with the ligands. The minimum 
condition 0G/dn = 0 coincides with Eq. (7.3), i.e., the average length 
of the helical sections at a given value of 8 does not depend on the 
presence of ligands. On the other hand, from the condition 0G/0N, = 
= 0 we have instead of Eq. (7.4): 


1—n/N, __ 4—ey * 
A—aiNa deat (7.8) 


where c, = m,/N, and c, = m,/N,. These ligand concentrations 
are expressed in terms of the ligand concentration in solution, ¢o, 
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and the binding constants K, and K, in the following manner: 


(= and (7.9) 


—_%o c Bh a OO = 
17K + cq 2° 11K _-F eg 
The melting curve for a homopolymer without ligands is described 

by the following function: 
0 = f (s) (7.10) 


with 6 being equal to 0.5 at s,, = 1, i-e., at G, = G,. In the presence 
of ligands 


® = f (s*) (7.11) 
and 86 = 0.5 at s* = 1, i.e., at (see Eq. 7.8) 
Sm= = (7.12) 


The shift of the melting temperature as compared with the temper- 
ature shift for a pure polymer 7, is oe by 


ee ae eee 
5 (+) Tr =a7 "73 (7.13) 
The change of the melting range is 
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The total ligand concentration in solution and on the polynucleotide 
is equal to 


c= Cy+(1—6) 2h +0 2P (7.15) 


where p is the concentration of the aoe groups of the poly- 
nucleotide that bind the ligands. If c>>p, then 


6 (z-) <a (az) (7.16) 
and 
6 ( - )=0 (7.17) 


Conversely, on strong binding of ligands by the polymer over the 
entire transition region, i.e., at Kyp >>1 or K,p>>1 and c w p: 


RT2 2c 


8T., =Tm —T,=2 (4+) > (7.18) 
SAT = AT —A,T =4 (4) a = (7.19) 


where q = K,/K,. 
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Thus, ligands act as “clips” that stabilize the double helix. 
Experiment confirms the above relations. Equation (7.16) des- 
cribes, for instance, the’effect of pH on melting curves. It has been 
used to find the values of AH = 40-45 kJ/mole at high ionic strengths 
and neutral pH. The ligands studied were acridine dyes, the ions of 
alkali metals, Ag+, Cu*, etc. The ions Agt and Cu* are predom- 
inantly bound by G-C pairs in the DNA double helix. Investigations 
of the binding of metal ions gave the values of AH equal to 34 + 
+ 4kJ/mole at 0.01M NaCl and to 46 + 8 kJ/mole at 0.14M NaCl. 
The above determinations of AH 
are in agreement with the results 
of direct calorimetric measure- 

ments. 

We shall now turn to the 
melting of a helical double- 
(a) stranded heteropolymer. Such 
melting can occur with or with- 
out formation of large loops 


(Fig. 7.14). A theory has been 

worked out for both cases. With 

a disordered distribution of A-T 

() and G-C pairs there is obtained 


Fig. 7.14. The melting of the double a linear dependence of 7,, on 
- en ccna saielicin eect te the content of G-C pairs (cf. 
formation of Toone.’ a ag page 250). 
A special feature of a heteropo- 
lymer is the relatively small num- 
ber of microstates corresponding to a particular energy. It is unlikely 
that two different distributions of coils and helices along the chain 
with the same values of N,, N., and n will have the same energy, 
since they will undoubtedly contain different numbers of G-C pairs 
in molten portions. The entropy of mixing cannot therefore have 
a substantial effect on the melting of heteropolymers. At the same 
time, there appears a new energy factor, which is determined by 
the fact that when the average length of molten portions decreases, 
the content of stable G-C pairs in them must diminish. The compe- 
tition between this factor and the factor due to the unfavourable- 
ness of the “joints” between the helical and nonhelical portions must 
lead to the alternation of helical and nonhelical regions of definite 
length at a given value of 9. 

An approximate solution of the problem of the melting of a hetero- 
polymer with a disordered sequence of base pairs has been arrived 
at by Lazurkin and Frank-Kamenetsky. Let us split the molecule 
into identical sections, each containing 4 pairs. If 4 is sufficiently 
large, then the distribution of the concentration of G-C pairs over 
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these sections will be a Gaussian distribution, i.e., 


a Aeeys 
exp [- & e (7.20) 


Pa) =e 


where bj = 2 (1 — 2o)/A; x is the content of G-C pairs; z, is the 
value of x corresponding to the maximum of the distribution. 

The total number of G-C pairs in molten portions is a minimum if 
all portions with a content of such pairs less than a certain limiting 
value x,, are molten and all sections with z > z, are helical. The 
value of x, is determined by the condition 


oh 
j P,, (2) de= (7.24) 
6 
The mean concentration of G-C in molten sections is equal to 
x x. xy 


a= | P, (2) de (| P, () dx) = j xP, (x)dx (7.22) 
0 0 5 


Since the composition of each section is independent of the composi- 
tion of the other sections, the probability of a molten region being 
composed of r successive sections is given by 


w, = (1—N,/N) (N,/N)*! (7.23) 

and the average number of sections in the molten region is 
r=(1—N,/N)1 (7.24) 
The average number of base pairs in the molten region is equal to 
m,=Ar=A (1—N,/N)*! (7.25) 
and the number of molten regions in the entire molecule is given by 
n=N,/aAr=N,(4—N,/N)/d (7.26) 


The free energy of the polymer is 
G(M4, No, n)=N, [2,GSO+ (4 —2,) GAT] + Nz [2,69° + 
+(1—2)GAT]4+nG, (7.27) 


where G, is the entropy contribution determined by the mixing of 
regions. Introducing the conditions V, + N,=N and 2,N, + 


+ 2,N 2 = «x,N, expressing n in terms of A according to Eq. (7.26), 
using the notations AGgo = GSS — GS° and AGar = GAT — GAT 
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and discarding the constant terms, we obtain 
G(Ny, A) =Nyx,AGac+ Ny (14—2,) AGar +N, (1—N,/N) G,/d 
(7.28) 


Here xz, is defined by formula (7.22) with 2x, from Eq. (7.21). 
The equilibrium values of N, and A are found from the minimum 
condition for the expression G (N,, 4) with respect to both variables. 
In order to find the average length of the helical region and the 
melting range of the heteropolymer A7, it is necessary to consider 
expressions (7.21), (7.22), and (7.28) near NV, = 1/2 N, i.e., to carry 
out an expansion into a Taylor series in z = N,/N — 1/2. Using 
Eq. (7.20) and again dropping the constant terms, we arrive at the 
following expression: 


G(Ny, )=N {2aG— fo(t 2) Sota) V0" (AGec— AGar) x 


ca a ae 
x (1—nz2) + & * (1—422)} (7.29) 

where 
AG = x,AGgc + (1 — 2) AGat (7.30) 


From the condition 0G/0A = 0 we obtain at z = 0 


Af Gs 2 1 
=o (aeecoaeae |) Bey (7.31) 


where we have 
AGgo — AGar = (Tec — Tar) AHar/T at (7.32) 


where Tgc and Tar are the melting points of the corresponding 
polymers. Using Eq. (7.25), we find that 
Boe Ge ts, 
m= 3 ater Tete | SUa Ce) 
Equating to zero the derivative of the free energy with respect to 
z at constant A and differentiating the resulting expression with 
respect to 7, we find 


m—2 — 2 
AT =27—* Star Ooo Tar” Lp (14 — tp) (7.34) 
A rigorous solution of the problem differs from the above solution 
only in numerical factors. The formation of loops on melting is taken 
into account by an additional contribution to G corresponding to 
the entropy of the loops. 

Numerical calculations on electronic computers with the use of 
the fraction of G-C pairs xz, the melting points of homopolymers, 
Tar and Tgc, and also AHay and o as independent parameters have 
made it possible to determine the melting curves, the dependence of 
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the average length of the helical section on the degree of helicity 0, 
and the dependence of the transition range on zy at different values 
of the parameters indicated above. hee 7.15 through 7.17 show 
the curves plotted at Tap = fue K, Tec = 380 K, Agar = 
= 29 kJ/mole, o = 5 x 10-5, = 2 x 10* to 106 A linear plot 
GF Tm VS. Zo is obtained jue (in K): 


m = Tar + (Toc — Tat) to = 340 + 402, (7.35) 


Taking account of the formation of loops diminishes somewhat the 
value of AT. The shape of the theoretical melting curve is in accord 
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Fig. 7.15. The temperature depen- 
dence of 1—6@ for polyheteronucleotide: 
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Fig. 7.16. The dependence of the aver- 
age number of base pairs in molten 


I—x»9 = 0, Tm= 340 K, N=2x 104; Tegions on 0, = 1—6. The curves /, 
2—xo = 0.4, Tm a es , x = ; x ve 2, and 3 correspond to the same para- 
3 — xo = 0.5, Tm= 360 K, N= 6X 10°. eters as in Fig. 7.45. 


with experiment, practically irrespective of the model. Conversely, 
the theoretical graph for AT depends substantially on the model 
adopted and the values of the parameters chosen. All these param- 
eters, except o, are found from independent experiments. An excel- 
lent agreement with experiment has been obtained for a number of 
DNAs at o = 5 x 107% Thus, experiment allows one to find o. 
The cooperativity of the melting process is very high. 
Determinations of the optical activity (and, hence, of the degree 
of helicity 8) and dimensions of the DNA molecule in solution by 
measuring intrinsic viscosity during melting have made it possible 
to find the average lengths of helical portions. In accordance with 
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theory, in the region of 0 = 0.8-0.9 the lengths of helical portions 
vary from 1000 to 2500 pairs, whereas in the transition region, i.e., 
at 8 = 0.5 we have m = 400-500 pairs. 

The melting point decreases and AT increases with decreasing 
chain length. 

The thermodynamic characteristics of melting of DNA have been 
studied by the methods of microcalorimetry (Privalov). The heat 

of melting and the melting point 

strongly depend on pH. As the 

, pH value increases from 7.0 to 
AT, C 9.7 the melting point 7,, falls 
7 from 84.8 to 66.3°C, AH from 
40.4 to 29.9 kJ/mole, and AS 

‘ from 113 to 88 J/(mole-K). As 

5 the pH decreases from 5.4 to 

4 3.2 the melting point drops from 

84 to 55°C, AH from 39.5 to 
3 10.4 kJ/mole, and AS from 107 
2 to 52 J/(mole-K). The value of 
Tm depends on ionic strength. 
1 The main results of theoretical 
calculations for real DNA mole- 
a a ie cules with a random nucleotide 
Fig. 7.17. The melting temperature Sequence under physiological 
range versus the concentration of conditions are summarized by 
guanine cytosine (G-C) pairs. Lazurkin as follows. 
1. The width of the melting 
range AT is 2.5-3°C. 

2. The dependence of the average length of a helical portion on the 
helicity 6 is depicted by a sigmoidal curve. 

3. Circular closed DNAs that are present in phages and bacteria 
must melt at a higher temperature than do the same DNAs in the 
linear form because of the topological impossibility of free unwind- 
ing with the formation of loops. 

Experiment confirms these predictions for a number of bacterio- 
phages. At the same time, the appreciably greater values of AT 
for the DNA of bacteria (about 5°C) and higher organisms (about 
10°C) led to the conclusion that these DNAs have a block structure. 
The entire DNA in genome may be split into a number of sequences 
which will differ in the average content of G-C pairs and each of 
which will have a quasi-random base sequence. The molecular mass 
of blocks is equal to (5-15) x 10°. 

The increased precision of optical measurements allowed the detec- 
tion of the fine structure of melting curves. It was first observed for 
the phage T7 DNA. To reveal the fine structure it is convenient to 
depict melting curves in the form of the temperature dependence of 
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Fig. 7.18. Ordinary and differential melting curves for DNA: 
(a) smooth curves; (b) curves with a fine structure. 
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Fig. 7.19. The differential melting curves for the replicative double-stranded 
form of DNA from phage @X174. 
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the derivative of the degree of melting (1 — 0) with respect to tem- 
perature. This is shown in Fig. 7.18. Use is made of the methods of 
graphical or computer differentiation of melting curves or auto- 
matic differentiation of melting curves during measurement. ‘The 
latter is accomplished. in particular. by measuring the difference in 
light absorption in two cells, whose temperature is maintained ident- 
ical but a small difference of 7, is created between the solutions be- 
cause of the difference in salt concentration. The fine structure of the 
differential melting curve (DMC) is observable for not too long do- 
uble helices of DNA; it disappears if the number of pairs exceeds 10°. 

Theory shows that to each DMC peak there corresponds the melt- 
ing of a relatively long portion, whose content of G-C pairs is such 
that its T,, coincides with the temperature of the experiment. Theory 
explains the details of the DMC. Figure 7.19a shows the experimental 
DMC of the phage ¢X174 and Fig. 7.19b gives the theoretical DMC 
calculated on the basis of the known sequence of 5375 nucleotides 
in this DNA. 


7.5. Kinetics of Unwinding of the Double Helix 

We have not yet examined the problems of the rates of helix- 
coil transitions. These problems are not trivial. 

The kinetics of the unwinding of the DNA double helix was first 
studied by Kuhn (1957). Unwinding occurs after the interchain bonds 
are disrupted. If we assume that it takes place as a result of rotational 
Brownian motion, then the time t required for this process to take 
place will be much longer than that observed. For instance, for DNA 
with a molecular weight of 3 x 10° the unwinding of 450 turns of 
the helix, which is necessary for complete separation, will require 
150 days. Meanwhile, the time t for DNA with a molecular weight 
of the order of 108 is. about 1 min. Kuhn examined the separation of 
chains that occurs when rotational thermal motion is combined with 
translational motion and obtained the time t of the order of 1 min 
for DNA with a molecular weight of 3 x 10°, which is also too long. 

The unwinding time is considerably shortened if we take into 
account the rotational moment that arises as a result of an increase 
in entropy for separate chains (Longuet-Higgins and Zimm, 1960). 
This moment is equal to 

: _ TAS 97.3 S 
where 9 = 36/57.3 is the angle expressed in radians by which the 
chain end must be rotated in order to release one base pair. The 
rate of unwinding, i.e., the relative angular velocity of the two 
halves of the helix, is o=P/B, where B is the coefficient of friction. 
For helices with a molecular weight of the order of 10° the time t 
turns out to be of the order of seconds. This estimate does not take 
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into account the irreversibility of unwinding and entanglement of 
the released chains. 

Without dwelling on other models, we turn to the theory proposed 
by Fong (1964). The entanglement of free chains must not occur 
if the interchain bonds are broken at the midpoint of the double 
helix. The two halves of the helix fluctuate independently, half the 
time spent on unwinding and the other half on rewinding. However, 
at the initial stage of strand separation, because of the tight packing 
of the helix, the second winding cannot occur and the kinetic energy 
of entangled chains is converted to the potential energy which contri- 
butes to unwinding. If many turns have occurred, the chains may be 
twisted back again. Thus, the two halves of the helix are randomly 
twisted and untwisted with the helix radius remaining unchanged. 
But twisting cannot continue for an indefinitely long time period, 
and therefore with such random motion the helix is predominantly 
unwound. 

The number of rotations NV (t) on unwinding is less than or equal 
to the initial number of turns of the helix Nj. We must find t from 
the condition 


| w(t) dt= —2nN, (7.37) 
é 


where © (¢) is the relative angular velocity of the two halves of the 
helix. If N (t) = No, then the number of unwinding turns is equal 
to the number of rewinding turns,  (t-) = —wo (t+). We can evalu- 
ate the upper and lower limits of t. The average value of w (¢) over 
a certain time interval @ (¢) is a monotonously decreasing function 
of t, since more than the doubled time period is required for the un- 
winding of the double helix with the doubled number of turns. The 
lower limit of t is obtained upon replacement of w (¢) with the initial 
maximum value of (0). Let the initial relative angular velocity 
he @o. If the two halves of the helix unwind, then @ (0) = 2a. 
Since at time t = 0 the DNA helix is unwinding during half the time 
and winding during the other half, then w (0) = 1/2 (0) = op. 
This value is found from the condition 

1/2Iw5 = 1/2 kT (7.38) 


where J is the moment of inertia of one half of the helix relative to 
its axis. At Ny = 2 x 104 (the molecular weight 1.2 x 10°, the 
number of base pairs 2 x 10°) and T = 20°C, the value of w, is equal 
to 3 X 108 rad/s. The lower limit of t is given by 


Tlower = 2nN,/o (0) =4.2x10%s 


The upper limit Tupper corresponds to the random winding and 
unwinding without the latter predominating. We assume that the 
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DNA double helix is in water at 20°C. The mean rotational moment P 
of one half of the molecule having a molecular weight of 1.2 x 108 
is 1.34 x 10-*? esu and the momentum of the water molecule is p = 
= 1.9 x 10-18 esu. Multiplying p by the helix radius, we find the 
mean rotational moment that arises as a result of the collision of 
the molecules of H,O and DNA, p’ = 1.7 x 10-* esu. Thus, P/p’ = 
= q=7.8 X 10%. To reduce P to zero, a large number of collisions 
{equal to gq?) is required. The calculation gives 2 x 10% collisions 
per second and the time required for q’ collisions, i.e., for the moment 
to be reduced from P to zero, is 3 X 10-1° s. The average time ¢ 
between two successive zeros of the fluctuating moment is twice as 


long due to the symmetry of fluctuations in time. During the time t 


the angular velocity does not change sign and the time ¢ and the 
number of rotations n during this time may be considered to be a step 


in Brownian wandering. We have n = wot = 2.9 x 10-® turns and 


the time Tupper for 10* turns is equal to (104/n)? ¢ = 73s. AtN >14 
the time t is close to the upper limit. This value is in agreement with 
experiment. From the calculation it follows that Tupper is proportional 
to M? and tjower is proportional to M%/? (M is the molecular weight). 

Experiment shows that t is proportional to M? for a number of 
phage DNAs. The quadratic dependence follows directly from the 
assumption that t must be proportional to the number of turns, i.e., 
M, and the viscosity of the medium, i.e., again the molecular weight. 
Massey and Zimm (1969) studied the denaturation of DNA by means 
of relaxation methods and established the dependence of tT on a num- 
ber of factors—the viscosity and ionic strength of the medium, 
the concentration of DNA, its molecular weight, the stage of helix- 
coil transition. We have 


t= b (1 +c [y)) noMp (7.39) 


where 0 <p <1 is the factor which characterizes the transition 
step; c is the concentration of DNA; [y] is its intrinsic viscosity; 
No is the viscosity of the solvent; b is a constant which depends on 
the ionic strength. At small c the value of t is proportional to M. 
The increase of t from the start of the transition to the end shows that 
the resistance of the medium increases as the molecule is unwound. 
As a result of the formation of loops, the effective radius of the double 
helix increases (the Fong theory does not take it into account). 

In actual fact, the kinetics of the melting of DNA corresponds 
to an entire spectrum of times t. The true theory of this phenomenon 
has not yet been worked out: serious difficulties are encountered in 
the investigation of the relation between the attainment of internal 
equilibrium and unwinding. The disordered sections of the helix 
may undergo “fusion” again. 

Varshavsky and Evdokimov have studied the unwinding of DNA 
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by the thermal impact method. A solution of DNA was heated from 5 
to 20°C for 0.5 s. The kinetic curves indicate the presence of at 
least two steps of the structural transition. In the first, rapid step 
almost all the hypochromic effect disappgars. Presumably, at this 
step there are formed fixed loops, which are fully unwound at the 
second stage. The rate of unwinding obeys the Arrhenius equation 
(page 188), and the energy of activation strongly depends on pH, 
attaining a maximum value at intermediate pH values. 

An experimental investigation of the kinetics of unwinding enables 
one to determine defects in the secondary structure of DNA. For 
this purpose, Lazurkin and his coworkers have worked out the ki- 
netic formaldehyde method (KFM). 

If the solution contains a substance which reacts with partially 
despiralized nucleotides and which thereby hinders the formation 
of Watson-Crick pairs by these nucleotides, the reaction will then 
proceed until complete despiralization is attained. If the time of 
binding of such a reagent exceeds the unwinding time, then this reac- 
tion is exactly the one that limits the rate of unwinding. The rate 
constant of the reaction of native DNA with the reagent is k = k'w, 
where w is the probability of separation for any pair of nucleotides in 
the molecule and k’ is the rate constant of the reaction of the separat- 
ed nucleotides with the reagent. If some of the bases of native DNA 
have reacted and formed a locally denatured portion, the probability 
of the thermal denaturation of the adjacent pairs will considerably 
increase, w’ >> w. The rate constant k’ is accordingly much greater 
than k. The formation of a locally denatured segment requires a free 
energy G, (see page 251). Therefore, k/k’= w/w’ = exp (—G,/RT) = 
=o~ 10-4 to 10-5. Since k < k’, the unwinding process, which 
at first proceeds slowly, is gradually accelerated and the curve show- 
ing the dependence of 1 — 6 on time is a sigmoidal one. 

If the double helix has imperfect regions—originally despiralized 
sections, the initial slope of the curve is increased. The curve is shown 
in Fig. 7.20. Theory yields the following formula: 


—In 0= (ky + 2k’c) t + kk’? (7.40) 
where y is the initial dimensions of the unwinding centre expressed 
in terms of the number of base pairs; c = n-! is the concentration of 


defects; 7 is the average number of base pairs in the helical portion. 
The dependence of —In @/¢ on ¢ is a straight line which makes an 
intercept on the ordinate: 


z= ky + 2k'c K(7.41) 


Formaldehyde is such an unwinding agent. Let us evaluate the right- 
hand side of formula (7.41). From experiments with mononucleotides 
it follows that the rate constant k’ of the reaction between a base 
and formaldehyde is of the order of 1 min-'. Hence, k = wk’ ~ 
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~ ok’ ~ 10-4 to 10-° min-?. The value of y is unknown, but it is 
reasonable to put it equal to a few units. Thus, ky ~ 10-4 min-. 
This value lies below the sensitivity limit of kinetic experiments and 
may be neglected as compared with 2k’c, since k’ >>k and ¢ is of the 
order of units. Thus, 

z= Qk'c (7.42) 


The constant k’ is found from experiments on fragmented DNA 
from formula (7.42)—in such cases ¢ is unknown. The order of mag- 
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nitude of k’ is 2.5 min~}. The lowest of z that can be measured is 
3'X 10-4 min“. 

‘In other words, the kinetic formaldehyde method (KFM) allows 
us to determine the minimum concentration of defects c of the order 
of one defect per 10* nucleotide pairs. The method is very sensitive. 
It is used with success for studying DNA with breaks caused by 
ultraviolet radiation or enzymatic hydrolysis, ete. Native DNA 
is found to be practically free of defects, which disproves the zig- 
zag model with sharp breaks. KFM is applicable to the study of com- 
plexes of DNA with RNA-polymerase and of the fine structure 
of DNA. 

The denatured coil-like single-stranded chains of DNA are capable 
of renaturation: they can again form a double helix. The renaturation 
of DNA was discovered and studied in 1964 by Marmur and Doty.. 
Slow cooling, i.e., annealing, of denatured DNA results in a partial 
recovery of the biological activity (Fig. 7.21) and hypochromic 
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effect. Renaturation also occurs after rapid cooling (quenching) of 
denatured DNA if the sample is again subjected to heating up to. 
a temperature somewhat lower than 7,,. Renaturation is easily fol- 
lowed from a change in density with the ajd of sedimentation in the: 
CsC] density gradient (see pages 88 and 250). For instance, the density 
of native DNA is 1.704 g/cm*, whereas the denatured and quenched 
(in this state) native DNA has a density of 1.716 g/cm? and the den- 
sity of renatured DNA is 1.700 g/cm’. Renaturation is greatly depen- 
dent on temperature; the optimum temperature for renaturation is 
the temperature high enough for unwinding of coils and is at the 
same time low enough for the double helix to be stabilized. DNA 
from Diplococcus pneumoniae undergoes renaturation at 67°C at 
a rate 2.5 times as faster as at 80 and 50°C. 

Renaturation proceeds readily in the case of phase DNA, with 
some difficulty for bacterial DNA and is practically infeasible for: 
the DNA of higher organisms. This is understandable—if the DNA 
samples produced from calf thymus, cells of £. coli and phage T2’ 
had all a molecular weight of 107, the number of various DNA mole- 
cules per cell (or phage particle) would be 10°, 107, and 10, respective- 
ly. With the same weight concentration all the three samples would. 
have quite different concentrations of complementary chains, and 
the probability of an encounter of two such chains formed on denat- 
uration of DNA in the sample produced from the cells of a higher or- 
ganism would be very low. 

Renaturation can lead to the formation of hybrid duplexes from 
DNA’s of various origin. There have been obtained hybrids of DNA 
isolated from various strains of E. coli, and also interspecies bacterial 
hybrids. Hybridization of DNA discloses the evolution-genetic rela- 
tions between bacteria. 


7.6. Interaction of the Double Helix with Small Molecules 
and Ions 

The study of the interaction of DNA and RNA with small molec-- 
ules is important for the elucidation of the structure of nucleic: 
acids and its transformations. Small molecules have in a number of 
cases a significant effect on the biological function of DNA and RNA. 
Some of them are mutagens, others inhibit the transcription (see: 
Sec. 8.8). Mutagens include, for example, acridinic dyes: 


NH NH 
a Y i‘ bia oad ae 7™/\ N(CH)» 
WN/NY WS SAY 


Proflavin Acridine orange 
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On the other hand, protein molecules, which are also small as 
compared with DNA, regulate, while being linked to DNA, the basic 
molecular-genetic processes. 

The theory of adsorption of small molecules on DNA has been 
developed by Crothers and Gursky and Zasedatelev. 

Suppose that a biologically active ligand is bound by a certain 
number of base pairs of DNA. Let us consider the equilibrium binding 
of ligands by a polymer, which is a random sequence of A-T and G-C 
pairs. The ligand may contain functional groups, part of which un- 
‘dergo specific interaction with base pairs. Let be the ligand length 


Recognition of A-T 
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/ 
DNA Ligand Recognition of G-C 
Fig. 7.22. Recognition of the DNA double helix by the ligand molecule. 


and qar and ggc the numbers of active sites per ligand molecule 
which recognize A-T and G-C pairs. Each site is bound to one pair. 
Let us assume that the ligand is adsorbed by the polymer if all 
the sites of the latter are bound with the corresponding base pairs. 
‘The scheme of such binding is shown in Fig. 7.22. The values of a, 
qar, and ggc and the binding constant K can be determined from 
the experimental binding curve by comparing it with the theoretical 
isotherm calculated with the aid of a computer. A simpler procedure 
consists of a theoretical calculation of the effective binding constants 
Key, the number of binding sites me, and the saturation level for 
binding, rmax- The calculated values are compared with experimental 
values with the aid of a Scatchard graph (Fig. 7.23). We have 


rmax=limr, Key=[lim 20) |) gy =? (7.43) 
moo r>0 e 


where ry is the molar ratio of bound ligands to the number of base 
pairs of DNA and m is the concentration of free ligand in solution. 
Statistical mechanics yields the following values: 


rmax=TTylE’ Ke = K (1+), ett = Tp (7.44) 
n= zat (1 —2)6C (7.45) 


Here z is the fraction of A-T pairs in the polymer; K is the true as- 
sociation constant. The parameter p takes account of the decrease 
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in the number of possible positions on the polymer for a second ligand 

molecule due to the presence of the first molecule. The binding of suc- 

cessive ligands does not occur independently. The values of the para- 

meter wp are given in Fig. 7.24: (a) lay = Osleg = 0; = 2 (a — 1); 

(b) lar =415 lec = 0; py = 2 (a — 1) 2; (c) lay = 4; lec = 43 

p=2(a—22(1 —2); (d) lap = 2; Igo = 0; fe: Qe + 
a— 


+ 2 (a — 2) 27; ...3 (e) lap = a; Ige = 0; =2 2p 2 


o 
as 
(0) ara 


Fig. 7.23. The dependence of r/Km Fig. 7.24. The values of the parame- 
onr. ter 1. 


Thus, for example, in the case of a homopolymer when binding 
is independent of the AT/GC ratio, we obtain: 


1 
Ket=K (20-1), rer=a qs tmax=— (7-46) 


The difference between ney and rmax is quantitatively accounted 
for on the basis of the model adopted. The length of the ligand a 
can be found from experimental values of meg and rmax - From the 
isotherms of binding of ethidium bromide, spermine, actinomycin 
and netropsin by the DNA double helix the following values of « 
were obtained, respectively: 2, 4,5, and 5 base pairs. These values are 
close to those expected on the basis of the molecular size of ligands. 

Small molecules of the type of acridine dyes either slip in between 
base pairs in the DNA double helix (the intercalation model proposed 
by Lerman) or line up in a narrow groove on the surface of the double 
helix (the model proposed by Gursky). Evidently, both complexes 
are encountered. Preference cannot yet be given to either of the two 
models. 
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7.7. Replication of DNA 

On cell division the genetic material is doubled and there occurs. 
the reduplication (replication) of the DNA double helix. In principle, 
three mechanisms of replication are possible: conservative replication 
with the original DNA double helix remaining intact and a new 
daughter double helix being formed; semiconservative replication, 
in which two daughter double helices contain each one new and one 
old chain; and, finally, the dispersion mechanism involving the 
distribution of the original material among the four chains of two. 
daughter double-stranded molecules. Meselson and Stahl (1958) studied 
the replication of DNA during cell division of /. coli with the aid 
of labeled atoms and sedimentation in the CsCl density gradient. 
They produced a population of '*N-labeled cells. These cells were 
transferred to a medium containing '4N exclusively, in which cell 
division took place. From the original population and from that of 
first and second generation (daughter and granddaughter) molecules 
there were isolated DNA molecules and their density and radioac- 
tivity were determined. The parental DNA molecule labeled with 
15N had the largest density; the DNA of the first generation (daught- 
er molecules) was found to be half-labeled and its density was equal 
to the arithmetic mean of the densities of the }®N- and !4N-labeled 
DNAs. Finally, the DNA of the granddaughter molecules was separ- 
ated on sedimentation into two zones—one zone with DNA being 
identical, with the daughter molecule (half-labeled) and the other 
zone with unlabeled DNA. This may be depicted schematically as 
follows: 


15N-15N —> 215N-14N — 215N-14N + 214N-14N 


These results are in agreement with the semiconservative mechanism. 
It has also been confirmed by other data. 

Template replication of DNA was also observed in vitro by Korn- 
berg in 1960. An incubation mixture was taken that contained all 
four nucleoside triphosphates (ATP, GTP, TTP, CTP), Mg?* ions 
(6 x 10-3 M), a polymerizing enzyme isolated from cells of £. coli, 
and native DNA (from calf thymus) as a primer; the pH value was 
7.5. In such a system DNA is replicated—there are produced mole- 
cules identical with the primer DNA molecules. The process does 
not take place in the absence of one of the components or when the 
primer DNA is preliminarily treated with deoxyribonuclease, an 
enzyme that destroys DNA. It was demonstrated, with the aid of 
32P_labeled nucleotides, that the synthesis of DNA is the polyconden- 
sation of monomers—when one nucleotide is incorporated into the 
chain, one molecule of pyrophosphate, H,P,0,, is released. Accord- 
ing to the law of mass action, the reaction is retarded upon addition 
of an excess of pyrophosphate. If its amount exceeds by 100 times 
the total amount of the triphosphates, the reaction rate diminishes 
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by two times. The newly formed DNA has the biological properties 
of the parental DNA. For example. synthesis with DNA from phage 
¢@ X174 as the primer produces DNA which has an infective action— 
phage particles are synthesized. Using ghe polymerizing enzyme 
DNA-polymerase, one can produce synthetic polydeoxyribonucleo- 
tides capable of forming double helices in the presence of complement- 
arity: 
athe Pep Rel he 
T—A—T—A—T—A—T—A 


and 
H0.6—6=6=6.-6-6—62: 
C26 302020 -0>¢0= 


The free-energy change during the formation of two double helices 
from one parental double-stranded DNA and nucleoside triphosphates 
may be represented in the following form: 


AG = N (2E,+ E,)—TAS (7.47) 


where N is the number of nucleotides in the chain; Z, is the energy 
released when one nucleotide is incorporated into the chain; 2, 
is the average value of the energy evolved as a result of interactions 
that stabilize a Watson-Crick pair. The energy £, depends on the 
relative content x of G-C pairs: 


E,=2Egc + (1—2) Ear (7.48) 


The entropy change AS is determined by the replacement of a nucleo- 
side triphosphate (NTP) by pyrophosphate (PP) in solution and by 
the loss of the rotational and translational degrees of freedom by 
the nucleotide incorporated into the chain. The latter factor is writ- 
ten in the form k Inq. On the whole 


AS = —2N k In (qS2?) (7.49) 


where cpp is the concentration of pyrophosphate in solution; cyrp 
is the average concentration of the nucleoside triphosphate equal to 
(cee c&  c&)/*; ca, cp, Cg, and cq are the concentrations 
of the respective nucleoside triphosphates. If they are equal, then 
cntp = 1/4enpp = Ca = cp. = cg = Cc. The replication condi- 
tion consists in the liberation of free energy: 


al CNTP 
2E,+ FE, +2kT In (qS) 0 (7.50) 


The quantities Z, and E, are equal to about 16 and 20 kJ/mole, 
respectively. The quantity q = Z{Z,/Z,Z;, where Z, and Z; are the 
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partition functions for NTP in solution and for NTP bound to the 
template by hydrogen bonds; Z, and Z;} are the partition functions 
for PP in solution and for PP present in NTP and bound to the 
template. Estimation gives q ~ 10-?. 

At 300 K the replication condition (7.50) is fulfilled until the 
ratio cpp /enrp exceeds 400. In cells and in systems for synthesis the 
ratio is much lower. The condition (7.50) is valid if the amount of 
NTP is sufficient. Replication may be impeded by kinetic rather 
than thermodynamic factors. 

An analogous treatment of denaturation (Sec. 7.4) leads to the fol- 
lowing value of the difference between the free energies of the sepa- 
rated chains and the double helix: 


AG’ = NE,—2NKT Inq’ (7.54) 


where q’ characterizes the change in intrinsic entropy of the chain 
per one nucleotide. One can equate q’ to the number of conforma- 
tions of a unit of a single-stranded chain. The unit contains five 
single bonds, the rotation about which gives rise to two or three con- 
formations. The order of magnitude of q’ is 10-100. From Eq. (7.51) 
it follows that the temperature of the helix-coil transitions is equal to 
E, 


Pn = Teng” 


_ Eat Eoc— Eat 
~~ 2k Inq’ +e 2k Inq’ (7.52) 


The experimental dependence of 7, (in K) on zx 
Tm = 342 + 41x 


is obtained at Egy = 19.7 and Egg = 22.3 kJ/mole and q’ = 32. 
These crude estimates are suitable only for the assessment of the 
order of magnitude of AH and AS. 

Replication obviously requires the unwinding of the double helix. 
Replicative synthesis proceeds with the obligatory participation 
of DNA-polymerase, which is evidently displaced along the double 
helix, unwinding it and synthesizing new chains (the zip-fastener 
model). Bacteriophage ¢X174 contains a single-stranded rather 
than a double-stranded DNA. It has been found, however, that the 
multiplication of this phage proceeds through a replicative step, in 
which DNA becomes double-stranded. In this case too, it is exactly 
the double helix that undergoes replication. This also refers to viral 
RNA, the replication of which produces an intermediate double- 
helical structure. The single-stranded DNA of phage ¢X174 is cir- 
cular, just like the double-helical DNA of other phages and bacteria. 
In the Kornberg experiments (page 268) this DNA served as a primer. 
However, only a circular DNA is biologically active, i.e., exerts 
an infective action. Kornberg made use of another enzyme, ligase, for 
closing a new chain. The new chains were built up not with thymine 
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but with bromouracil. In order to isolate synthetic DNA, the prepa- 
ration was briefly treated with DNAase so that one break in the circle. 
occurred in one half of the molecule. As a result, a mixture was ob--. 
tained which contained, in equal amounts, template circles. synthetic: 
circles, template and synthetic open DNAs, and also double circles. 
without breaks. The sedimentation method in the density gradient 
produced synthetic circles containing bromouracil. These rings proved 
to be capable of infecting cells of £. coli. It had been established 
earlier that the replacement of even one of the 5500 nucleotides of 
DNA from phage ¢X174 led to the loss of infective action. Hence, 
the Kornberg synthesis is absolutely accurate. 

The unwinding of the DNA double helix on replication (or on 
transcription in the synthesis of mRNA, see Sec. 8.3) must pre- 
sumably be different from that involved in denaturation. The gain 
in free energy during the formation of new chains is responsible for: 
a high angular momentum. The polymerase, which is displaced along: 
the double helix, creates local conditions that disturb the balance 
of interchain interactions. It is supposed to hinder the hydrophobic: 
interactions of the bases. 

An elementary model for treatment of the kinetics of DNA repli- 
cation is a one-dimensional template on which nucleoside triphos- 
phates are adsorbed, their practically irreversible polycondensation 
taking place from one end. Crude estimates show that the diffusion 
of NTP from solution to the template proceeds faster than the proc- 
esses occurring on the template, and the rate of synthesis is limited by 
the enzymatic process. Calculations indicate, in accordance with 
experiment, that the synthesis must proceed without an induction 
period. 

We shall now take up a theoretical treatment based on the Maniloff 
model (1969). We have a template consisting of NV cells. The growth 
centre (polymerase) is displaced from the first to the Mth cell. The 
synthesis is irreversible, i.e., the transfer of the polymerase from the: 
(i — 1)st to the ith cell takes place far from equilibrium. The rate 
constant of growth k, for all cells is the same, the rate constant for 
initiation kg is much lower than k,. The removal of the polymerase 
from the Mth cell occurs rapidly and does not limit the process. 
The task boils down to the consideration of irreversible random walk. 
in a one-dimensional system. The kinetic equations are as follows: 
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where i = 2, 3, ..., N — 1; w; is the probability that the enzyme 
is in the ith cell. The number-average degree of polymerization is 
given by 


N n 
n (t) = 2, iw; (t) [> w; (t))-! (7.54) 


At the initial conditions w, (0) = = wy (0) = 0. The solution 
of the simultaneous equations (7. 53) with the aid of the Laplace- 
‘Carson transformation has the form 


w(t) == DF), a a | 
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At k,t <1 the probability w; ~0, wy >0, n 1, i.e., no synthe- 
sis takes place. At k,t >>1 we find w; ~k,/k,, wy >kyot, n >N, 
i.e., the synthesis goes to completion. The rate constant k, = pk,, 
where p is the probability that the cell that is in front of the growth 
‘centre contains the adsorbed monomer, and k, is the rate constant 
of its insertion into the growing chain. Since the process is not limited 
by diffusion, p has an equilibrium value and is expressed by the 
Langmuir isotherm (cf. page 228): 

p= Epa (7.57) 
where K = exp (E/kT); E is the sorption energy; @ = exp (p/kT) 
is the absolute activity of NTP in solution; p is the chemical poten- 
tial of NTP. Since » = p° + kT In (yc),a = Ac, A = y exp (w°/kT) 
where a) is the activity coefficient, c is the concentration of NTP, 
and w° is the standard chemical potential. At p <1 the value of 
a/K <1 and 


alK = Ac exp (—E/kT) (7.58) 
k,Ac exp (—E/kT) (7.59) 
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It is necessary that c be sharply increased for n to be increased from 
a small to a large value. Such an increase is not likely to occur on 


cell division. On the other hand, the dependence of n on E is found 
to be a sigmoidal curve and a slight change in £ is sufficient for 
complete synthesis, which can be determined by the cooperativity 
of the process—by the interaction of neighbouring nucleotides on 
the template. 

The above treatment is equivalent to a consideration based on the 
theory of absolute reaction rates (see page 191). The rate constant for 
the reaction of the i-mer that contains two nucleotides in the chain, 
may be written in the form 


kay (7.60) 


The experimental values for the rate of DNA synthesis are 1.8 x 10° 
monomers per second for £. coli and 2 xX 10? monomers per second 
for mouse lymphoma cells. From this it follows that p = 2.8 x 10-!° 
for E. coli and p = 3.1 xX 10-™ for mouse lymphoma. The evalua- 
tion of the free energy of activation for the adsorption of NTP but 
not for the insertion of a nucleotide into the chain, gives GF = 
= 54.5 kJ/mole for E. coli and 34.9 kJ/mole for mice. These values 
are found through the equilibrium constant for the activated com- 
plex of the n-mer with two nucleotides: 


Gi = — RT In K* =—RT In (7.64) 
nc 


The theory described above is, of course, a simplified one, because 
it does not take into account either the template heterogeneity 
or the cooperativity of the process. Nonetheless, it gives a reason- 
able semiquantitative description of the template synthesis. 

The enzymatic synthesis of polynucleotides can proceed without 
a template. In this case, the polymer is produced after a latent period, 
the duration of which decreases with increasing enzyme concentra- 
tion. An example is the synthesis of poly-AT. If we introduce an oligo- 
mer as a primer, then the lag-period will decrease with its length. 
Even short oligomers may serve as templates for a growing polymer 
which slips off the template. The corresponding kinetic theory allows 
us to obtain the dependence of the time required for the synthesis 
of a polymer on its length and on the rate of separation of the chain 
from the template on which the polymer is growing. This rate falls 
off sharply when the length of the oligomer exceeds 4 nucleotides. 
Evidently, this is the critical size of the template at which a new 
chain can form a double helix with the template. 

A new DNA is synthesized in vitro always in the 5’ — 3’ direction. 
At the same time, there are data which indicate that in vivo the two 
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chains are replicated—one in the 5’ -»3’ direction and the other in 
the 3’ +5’ direction. Okazaki (1968) ascribed this to the discontin- 
uous mechanism of replicative synthesis. Short sections of the new 
DNA are synthesized on one or both chains at the replicating point 
(replication fork), invariably in the 5’ — 3’ direction (Fig. 7.25). 
Then these sections are joined, forming new chains. If the model is 
correct, the last replicated sections of one or both daughter chains 


Fig. 7.25. Schematic representation 
of pae replication according to Oka- 
zaki. 


can be separated. The temporary selective inhibition of the enzyme 
that catalyzes the accumulation of phosphodiester linkages between 
the DNA chains must lead to the accumulation of new short chains. 
These predictions are verified by experiments which show that tri- 
tium-labeled thymidine is inserted into short chains, which only 
after a while unite into long ones. 

The precise mechanism of DNA replication in vivo cannot as yet 
be considered to have been established. The replication in vivo 
starts at a definite stage of cell growth with the participation of 
factors that are evidently connected with the cell membrane (the 
replicon model). 


Chapter 8 Physics of Protein Biosynthesis 


8.1. The Problem of the Genetic Code 

The gene is a part of the DNA macromolecule responsible for the 
synthesis of one protein chain. DNA contains information on the 
primary structure of the protein—the genetic information. It is 
contained in the primary structure of DNA, i.e., in the sequence of 
nucleotides. In viruses of the RNA type the genetic program is coded 
in RNA molecules. 

What is the correspondence between the nucleotide sequence in 
DNA and RNA and the amino-acid sequence in the protein chain? 
This is what constitutes the problem of the genetic code. 

This is a physical problem. As a matter of fact, there are four 
aspects to this problem: first, the correspondence between the infor- 
mation content of DNA and that of the protein; second, the quanti- 
tative relationships between nucleotides and amino acids which are 
determined in the long run by the interactions of molecules in the 
template synthesis of a protein—molecular recognition; third, the 
physical meaning of the genetic’ code; and, fourth, the evolutionary 
origin of the genetic code. 

The problem of the genetic code was originally formulated by 
n physicist (Gamow, 1953) and a number of physicists took part 
in its elucidation. The code was deciphered, however, not by phys- 
ical but by biological and chemical methods. 

The protein text is written in the 20-letter language and the DNA 
(or RNA) text is written in the 4-letter language. From simple con- 
siderations it follows that the code ratio, i.e., the number of nucleo- 
tides that code for one amino-acid residue, cannot be less than 3. 
Indeed, the number of combinations of four nucleotides in groups of 
2 is 42 = 16 < 20 which is clearly not enough; if the nucleotides are 
considered in groups of three, there are 4° or sixty-four different com- 
hinations—an apparent excess. 

Gamow assumed that the protein chain is built up directly on the 
INA double helix, each amino acid being accommodated in the 
groove between the four nucleotides. This groove has a rhombic form. 
‘wo nucleotides belong to one chain and the other two to the other 
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chain. One of the nucleotides of the first chain forms a Watson-Crick 
pair with a nucleotide of the second chain. The Gamow “diamond 
code” provides just 20 “letters”. Each “letter ”, i.e., each rhomb, con- 
sists of four nucleotides. The number of combinations with the nucleo- 
tides considered in groups of four is 44 = 256. But there are limita- 
tions, since the minor diagonal of the rhomb joins A with T or G 
with C. If the right-handed and left-handed forms of the rhombs are 
considered to be identical, for example, 


G G 
A-eeeT2ZTeeA 
A A 


we shall then have only 20 different rhombs. 

The diamond code is overlapping. Since each rhomb incorporates 
nucleotides from three successive pairs, the two nucleotides that are 
on one side of the rhomb are common to two neighbouring rhombs. 
A correlation thereby appears between two neighbouring amino- 
acid residues. A particular amino-acid residue may be followed not 
by any of the 20 amino acids but by only some of them. However, 
further investigations have shown that the overlapping code cannot 
be reconciled with experiment, since any amino-acid residue may 
follow any of them. The absence of a correlation makes impossible 
a theoretical, speculative deciphering of the code. 

The impossibility of an overlapping code also follows from the 
absence of mutation replacements of two neighbouring amino-acid 
residues in the protein. The mutation of a nucleotide common to two 
neighbouring residues must lead to such a double replacement. 

The code ratio was found experimentally as a result of the genetic 
investigation carried out by Crick and his coworkers (1961), who 
studied the rII region of the genome of phage T4, which is multiplied 
in culture media of F. coli. It has been found that the mutations in 
this region caused by acridine dyes consist of the deletion of nucleo- 
tides and their insertion. The wild-type w is multiplied on the strains 
B and K12 of E. coli. The r mutants are multiplied only on B strains, 
forming plaques with sharp margins or halos. Some of the mutants 
of this type are capable of spontaneously reverting to the wild-type w. 
A genetic analysis has shown that such revertants result not from the 
reverse mutation r —w but from the appearance of the second sup- 
pressor mutation w —>r near the first. Each of the two mutations leads 
to the loss of the ability to synthesize a corresponding protein, but 
the combination of two mutations in a single gene restores this abil- 
ity. The number of r mutants that have been studied is about 80, 
including their double and triple combinations—suppressor suppres- 
sors and suppressor suppressor suppressors. All the suppressors were 
found to belong to two classes: + (addition or insertion of a nucleo- 
tide) and — (deletion). If the original r mutation is an insertion, its 
suppressor is then a deletion and vice versa. The wild phenotype gives 


8.1. The Problem of the Genetic Code 277 


the following combinations: + —, — +, + + +, — — —, but 
not ++,—-—-,+¢+ 4+++,-—-——-—-. 

These facts can be explained if we assume that the genetic code 
is a triplet code, nonoverlapping and readable in succession, starting 
from a certain fixed nucleotide. Let us depict the DNA chain by the 
sequence of the letters ABCABC... (Fig. 8.1a). Any of the four nucleo- 
tides, A, T, G, or C, may be in the position of each of the letters. 


Fig. 8.1. DNA transcripts: 


(a) wild-type; (b) mutant (deletion); (c) mutant (insertion); (d) and (e) double mutants of 
the + — type; (f) triple mutant — — —; (g) triple mutant + + -+. The distorted por- 
tions are hatched, 


The reading of the code, starting with a certain letter, is equivalent 
to superimposing a reading frame on this sequence. If one of the let- 
ters is deleted (—), or, on the contrary, a new one is inserted (+), 
then the entire sequence, beginning from the site of mutation, is dis- 
torted, i.e., a normal protein of the wild-type cannot be synthesized 
(Fig. 8.16 and c). If a new suppressor mutation has appeared (—+ 
or -+-—), then the sequence is distorted only in the region between 
the two mutations (Fig. 8.1d and e). If the distorted region is not too 
long, the protein being synthesized may retain its function and a re- 
verse mutation or reversion will occur. Figure 8.4f and g illustrates 
reversions with three mutations of the same sign (either all dele- 
tions or all additions): — — — and + + +. It is also clear why 
double, quadruple, and quintuple single-type mutations do not 
produce reversions. 

These results give a code ratio which is a multiple of 3. It is na- 
(ural to assume that it is just equal to 3. It was later confirmed by 
a direct study of the primary structure of the synthesized protein. 
Frameshift mutations are also observed for the gene of phage T4 
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which produces lysozyme. It was found that shifts in the reading frame 
virtually distort the protein text. The double reverted mutant of 
lysozyme differs from the wild type in the sequence of five amino-acid 
residues: 


The wild w-type ..... Thr Lys Ser Pro Ser Leu Asn Ala ... 
Revertant (pseudo-w-type) Thr Lys Val His His Leu Met Ala .¢. 


These genetic studies led to the solution of a number of physical 
problems. The code ratio has been established, the collinearity of the 
code proved, and it has been proved that the code is readout, begin- 
ning with a definite nucleotide, and has no commas, i.e., material 
units that separate the codons. Codons are triplets of successive nucleo- 
tides eet for amino acids. The total number of different codons 
is 445 = 64. 

In this connection there arose the question of the degeneracy of 
the genetic code. Since the total number of codons (64) by far exceeds 
the number of amino acids (20), it is necessary to find out how many 
different codons code for each amino acid. The term “degeneracy” 
is used here in the physical but not in the biological sense. 

The investigation of frameshift mutations points directly to the 
degeneracy of the code. Let us return to the lysozyme fragments de- 
picted above. If the code is not degenerate, then the two codons for 
His must be identical in the revertant. We designate them 
as ABCABC. If the shift is caused by addition of a nucleotide from 
the left and the codon for Pro is BCA, the relationship between the 
wild type and the revertant may be pictured thus: 


.- Pro Ser... 
... A BCA BCA... 
... ABC ABC.. 

.. His His... 


But it follows from this that the codon for Ser is also BCA. The con- 
tradiction is eliminated only if there are different codons for His. 

The degeneracy of the code is also proved by the fact that with 
considerable variations in the DNA composition of different organ- 
isms (the fraction of G + C varies from 25 to 75 percent) the average 
composition of proteins is changed but slightly. At the same time, 
a number of facts point to the universality of the code. 

The code degeneracy is also evidenced by the study of spontaneous 
mutations as well as those induced by chemical agents. Nitrous acid 
causes the replacement of the amino group by a hydroxyl group: 


—NH,-+ HNO, > —OH-+-N,+H,0 


In this way, the nitrite converts C to U, G to xanthine and A to 
hypoxanthine. After replication, xanthine and hypoxanthine are 
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replaced by G. Hence, the replacements C ~—U and A —G take 
place. Sixty-four triplet codons may be represented by eight octets 
(Wittmann). Figure 8.2 shows these octets; the arrows indicate the 
nitrite point mutations. The substitutions observed in the protein 
of tobacco mosaic virus (TMV) occur over the same octets. Wittmann 
has established that at least Ser or Ile (Fig. 8.3) must be coded for 


ACA 
GAA AGA AAG GAC AGC AAU GCA AUA ACG UAA CGA CAG 
GGA GAG AGG GGC GAU AGU GUA GCG AUG UGA UAG CGG 


GGG GGU GUG UGG 


ACC CAC CCA CCC 
GCC AUC ACU UAC CGC CAU- UCA CUA CCG UCC CUC CCU 
GUC GCU AUU UGC UAU CGU UUA UCG CUG  UuUC UCU CUU 

GUU he UUG UUU 


Fig. 8.2. The codon octets. 


Pro Ser Asn — oe + Asp — Glu 
Leu Ser _— Ile Gin Met Ala Gly —_ 
Phe Val = 


Fig. 8.3. The assignment of amino-acid residues to octets on the basis of nitrite 
mutations of tobacco mosaic virus (TMV). 


by several triplets, i.e., the code is degenerate. These findings also 
demonstrate that most of the replacements in the protein occur as 
a result of the replacement of one nucleotide in the codon. 
These propositions were later repeatedly confirmed. The genetic 
code is a triplet, nonoverlapping, commaless, and degenerate code. 
The code is universal for all organisms, from viruses to humans. 
{True, it has recently been found that in the synthesis of cytochrome 
oxidase in mitochondria the code is somewhat different from the 
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universal code (see page 298).] The complete deciphering of the code 
required direct biochemical experiments, which became possible only 
when the mechanism of protein biosynthesis was disclosed. 


8.2. Protein Biosynthesis 

The very existence of a fixed primary structure in the protein 
chain is evidence that the program of building up such a structure 
must have been encoded in the cell. The “text” cannot arise from the 
accidental encounters of the amino acids—like a typographical text, 
it must be “printed” on some “matrix”. This was clear to Koltsov, 
long before the discovery of the role of nucleic acids. He maintained 
that the role of the “matrix” (template) responsible for protein 
synthesis is played by the protein itself. Today we know that the 
DNA and RNA molecules serve as templates. In order “to print. 
a text”, a genetic code is required. The template principle of protein 
biosynthesis is fundamental to molecular biology and molecular 
biophysics. 

The information contained in genes, i.e., in DNA, is transferred 
to mRNA during transcription. Protein synthesis takes place exactly 
on mRNA. The so-called central dogma of molecular biology states. 
that genetic information flows from DNA to RNA to proteins, a rela- 
tionship symbolized as 


DNA > RNA - Protein (Ap 


The genetic information can never be transmitted from the protein 
to the nucleic acids. 

In 1970 Temin and Baltimore discovered reverse transcription, 
which is the transmission of the genetic information from RNA 
to DNA: 


RNA’ > DNA RNA = Protein (B) 


The existence of the reverse transcription (see Sec. 8.3) in no way 
contradicts the central dogma. As a matter of fact, this is a law of 
nature rather than a dogma. 

The template, or messenger, RNA transmits the genetic informa- 
tion from the chromosomes, where it is stored, to the ribosomes, on 
which the biosynthesis is accomplished. For protein biosynthesis to. 
be accomplished, the starting material—the amino acids—is required 
and it is also necessary that the appropriate thermodynamic and 
kinetic conditions be fulfilled. 

The amino acids are present in the cell in a free state. The direct. 
polycondensation of the amino acids is an endergonic process— it. 
is accompanied by an increase in the free energy by about 12 kJ/mole 
in the course of formation of a peptide bond. In the cell, the polycon- 
densation of amino acids is coupled with the exergonic reaction of 
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dephosphorylation of ATP (see page 43). An amino acid enters into 
the biosynthesis reaction in an activated form: 


Enzyme 
Amino acid-+ATP ———> Aminoacyl adenylate-+ PP 


The symbol PP stands for pyrophosphate. Aminoacyl adenylate, 
in which the amino acid is activated, has the structure. 


R O O 
| ll I 
H,N*+—CH—C—O—P—O—Adenosine 


The enzyme aminoacyl-tRNA synthetase also catalyzes the reaction 
leading to the formation of aminoacyl adenylate, and the transport. 
of the thus activated amino acid to the terminus of the tRNA adap- 
tor-molecule. The scheme of the second reaction is as follows: 


O 

I : Enzyme. 
H,N*+—CHR—CO—O— P—O—Adenosine+ tRNA ———> 

| 

O- 


— H,N*+—CHR—CO—tRNA-~+ AMP 


The energy required for biosynthesis is stored in the chemical bond 
between the amino acid and tRNA. 

For each amino acid there exists one or more specific tRNA’s. 
(see Sec. 8.4). 

Protein biosynthesis occurs at ribosomes. The ribosomes are nucleo- 
protein particles composed of proteins and ribosomal RNA (rRNA). 
The ribosomes provide the appropriate interaction between mRNA 
and tRNA, which carry the amino acids, and the polycondensation: 
of the amino acids to form a polypeptide chain. The ribosome plays: 
the role of a catalyst, similar to that of an enzyme (see Sec. 8.5). 

The ribosome attaches itself to the 5’-end of mRNA, which codes 
the N-terminus of the polypeptide chain. The ribosome moves 
along the mRNA chain, “reading the text” codon after codon in such 
a manner that the codons in the mRNA-ribosome complex bind 
tRNA’s linked to the amino acids. Each of the tRNA’s, carrying 
an amino acid, interacts in a complementary way with the codon of 
mRNA by its anticodon. The anticodon is a triplet that is complemen- 
tary to the mRNA codon. The scheme of the process is shown in 
Fig. 8.4. On the ribosome there occurs the successive attachment of 
two aminoacyl-tRNA complexes to the nth and (n + 1)st codons of 
mRNA. A peptide bond is formed between the corresponding amino: 
acids; the growing protein chain is transferred from the nth aminoacyl- 
tRNA complex to the (m + 1)st one; the nth tRNA splits off and 
the ribosome that carries the (nm + 1)st tRNA with the growing chaim 
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attached to it is moved by one codon. In the new position the ribo- 
some interacts now with the (m + 1)st and (mn + 2)nd codons of 
mRNA. Several ribosomes rather than one ribosome move along 
a single mRNA chain and each of the ribosomes has its own protein 
chain growing on it. The mRNA-ribosome system, which resembles 
a string of beads, is called a polyribosome, or a polysome. Thus, 


Fig. 8.4. Binding of amino- 
acyl-tRNA to mRNA on the 
ribosome. 


a number of identical protein chains are synthesized on a single 
mRNA chain. The synthesis of a protein chain on a polysome is 
known as translation—the conversion of the nucleotide text to the 
amino-acid text, following the dictations of the genetic code, i-e., 
the codon-amino acid dictionary. The overall scheme of protein 
synthesis is presented in Fig. 8.5. 

Thus, the protein chain is synthesized de novo from the amino 
acids and not from the previously existing polypeptide blocks. 
Then, the chain (or several chains) gives rise to a biologically func- 
tional protein molecule. 

The above-described sequence of events in protein biosynthesis is 
complicated, but all its steps are characterized by a single prin- 
ciple that forms the basis of molecular biophysics. This principle is 
molecular recognition, which is accomplished via weak interactions 
(see page 62). The biosynthesis involves four types of nucleic acids: 
DNA, mRNA, rRNA, and tRNA. The pairs that recognize each 
other are as follows: the nucleotides of the complementary DNA 
chains; the nucleotides of DNA and mRNA; the codons on mRNA 
and the anticodons on tRNA. The recognition is effected also on inter- 
action of nucleic acids with enzymes and ribosomes. 
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The precision of recognition of nitrogenous bases is demonstrated 
in Table 8.14. The complementary pairs A-U and G-C prove to be 
the most stable; for example, A-U is much more stable than A-A 
or U-U. The formation of noncomplementary pairs, however, is also 
possible, this possibility being one of the most important causes for 
the generation of mutations. 


Gene 


Se EIS 
IOOOOOCOCOOR 


1 
! re 1 
| Transcription y ! 
! 


Fig. 8.5. The 
general scheme 
of protein 
synthesis. 


The study of associations of oligonucleotides has shown that the 
pairing of triplets is most favourable for the biological function. 
Doublets possess too low values of K and quartets give, on the con- 


Table 8.1. The Association Constants K mole-!) for Base Pairing 
in Nonpolar Solvents CgHg and CCl, at 25°C 


Base U A Cc G 

U 15 45 550 50 < 108 

A 150 8 22 50 <= 108 

Cc < 28 < 28 28 50 > 108 

G < 1.12 x 108 <1.2x 108 3x 104 1.2 x 103 ca. 103 


The 2’-, 3’-, and 5’-O-substituted ribonucleosides have been studied; the itali- 
cized numbers refer to CCl, and the nonitalics to CeHe. 
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trary, too strong binding. The lifetime of a codon-anticodon pair 
must not exceed several milliseconds, since otherwise it will limit 
the rate of functioning of the biological system. 

Thus, the complicated interplay of weak forces leads to the for- 
mation of strong chemical peptide bonds. The formation of chemical 
bonds and mechanical processes—the transfer of the enzyme RNA-po- 
lymerase along the DNA chain (see Sec. 8.3) and the action of the 
ribosome and its movement along the mRNA chain (see Sec. 8.5)— 
require the expenditure of energy. The energy sources for these proc- 
esses are the macroergic nucleoside triphosphates ATP and GTP. 

The steps of protein biosynthesis and their participants are con- 
sidered in more detail below. 


8.3. Transcription and Reverse Transcription 

The transcription is a process by which the information contained 
in DNA is conveyed to RNA, i.e., the synthesis of RNA on a DNA 
template, this process being accomplished with the aid of RNA-poly- 
merase. The information encoded only in one of the two strands 
that make up the DNA double helix is transcribed. The RNA-poly- 
merase has a complex structure. This enzyme performs a number of 
functions: the recognition of the initial site of synthesis and the spe- 
cific binding of DNA at this site; the initiation of RNA synthesis; 
the synthesis of RNA; the termination of the synthesized chain and 
the separation from the template. 

At low ionic strengths RNA polymerase is a dimer with a molec- 
ular weight of about 10° and a sedimentation coefficient of 23S. 
At ionic strengths higher than 0.1 M, the enzyme breaks down revers- 
ibly into two 18S monomers. The 13S monomer consists of four sub- 
units: B (molecular weight 150,000), B’ (165,000), two a-subunits 
(each with a molecular weight of 40,000), and the o-factor (80,000). 
The complex structure of RNA polymerase is associated with the 
large variety of its functions. 

RNA polymerase is more active with a double-helical DNA rather 
than with a single-stranded DNA. The transcription in vivo occurs 
with a double-stranded DNA, though, as has been pointed out, only 
one chain is read. Accordingly, a local unwinding of the double 
helix takes place at the point where the RNA chain is growing. 
The application of the formaldehyde method, which allows the de- 
fects in the DNA double helix to be detected, has really assisted in 
revealing its unwinding on interaction with the enzyme. The rates 
of the synthesis of RNA in vivo and under optimal conditions in vitro 
are almost the same and range from 20 to 30 nucleotides per second. 

Thus, the transcription involves the conformational change of 
DNA, its unwinding. RNA polymerase is located very sparsely on 
DNA and these changes involve only a small portion of the double 
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helix. One can, however, study the conformational properties of 
the complexes of RNA polymerase with small portions of DNA. 
Such complexes are produced on treatment of the DNA-RNA po- 
lymerase complex with the enzyme DNase. 

Florentiev and Ivanov have proposed a model for the action of 
RNA polymerase (1970). When the RNA chain is growing, the 3’-hy- 
droxyl of the ribose is bound to the 5’-phosphate of the attacking 
nucleotide. It is presumed that when DNA is unwound and a hy- 
brid DNA-RNA double helix is 
formed, the DNA template func- 
tions not in the ordinary B-form 
but in the A-form. With each 
step of the transcription process 
a new base is “extracted” from 
the DNA template, and _ the 
deoxyribonucleotide, whose com- 
plementary ribonucleotide has 
lost the pyrophosphate, moves 
back to DNA with the hydrogen 
bonds being re-formed. The axis 
of the hybrid double helix moves 
along the DNA duplex in a spiral 
manner, this being 'accompanied 
by the movement of the enzyme. 
Figure 8.6 is a schematic repre- 
sentation of a double-stranded 
DNA and the growing end of 
RNA during the action of RNA Fig. 8.6. The structure of the double- 
polymerase. The energetics of helical DNA template and of the grow- 
the transcription process is re- jing end of RNA when acted on by 
duced to the coupling of the exer- RNA-polymerase. 
gonic and endergonic steps. As 
a matter of fact, we are dealing 
here with the electronic-conformational interactions—the interaction 
of chemical and conformational degrees of freedom. The model 
shown is consistent with experimental data. 

The RNA-directed synthesis of DNA or reverse transcription, dis- 
covered as one of the steps of multiplication of RNA-containing 
oncogenic viruses (see page 280), is of great importance to molecular 
biology and molecular biophysics. Reverse transcription too invari- 
ably involves an enzyme called reverse transcriptase or revertase. 
The reverse transcriptase has three functions: the DNA polymerase 
function, which provides the synthesis of a complementary strand 
of DNA (cDNA) on the RNA template; the polymerase function, 
which ensures the synthesis of the second strand of DNA, anti-DNA, 
which forms a double helix with cDNA; and the ribonucleoside activ- 
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ity, which hydrolyzes RNA in the double RNA-DNA helix. The 
reverse transcriptase performs its functions with any RNA. 

Reverse transcription makes possible the solution of important 
problems. By converting the amino-acid sequence of RNA into DNA, 
it is possible to disclose very accurately and rapidly the primary 
structure of DNA. The method proposed by Sanger in 1975 may be 
described by the following scheme: 


RNA - cDNA -> double-stranded DNA - recombinant DNA > 
restriction enzyme fragments—> analysis of fragments 


Recombinant DNA’s are produced by way of the multiplication 
of the resulting double-stranded DNA by using methods of genetic 
engineering. Restriction—the cleavage of the double helix at definite 
sites—is effected with the aid of special enzymes called collectively 
restriction enzymes. The fragments produced are analyzed by means 
of electrophoresis in a polyacrylamide gel. Today, it is possible 
to determine the sequences of many thousands of nucleotides in 
DNA, i.e., the structures of the genes. 

Genetic engineering owes its origin to the reverse transcription. 
Complete double-stranded structural genes are synthesized and in- 
serted into plasmids and phages, with the aid of which DNA molecules 
are multiplied. The transfer of genes is accomplished by means of 
DNA transcripts. Reverse transcription enables one to study the 
genomes of viruses, to decipher molecular defects that are respon- 
sible for the hereditary blood diseases, and to study molecular mech- 
anisms that control the transformation of normal cells to tumour 
cells. 

The structures of reverse transcriptases, large-size proteins, have 
not been worked out so far. The native reverse transcriptase of the 
oncornaviruses of birds has a sedimentation coefficient of 7.5S. 
Reverse transcriptases have a quaternary structure. 

DNA polymerases, RNA polymerases, and reverse transcriptases 
invariably contain Zn?* ions as cofactors. This is another indication 
of the importance of bioinorganic chemistry for biology (see page 53). 


8.4. Transfer RNA 

Transfer RNA’s (tRNA’s) constitute about 10 percent of the total 
amount of RNA in the cell. tRNA’s were the starting point in the 
study of the structure of nucleic acids (Holley, Baev). At present, 
the primary structures of about 100 molecules of tRNA’s of different 
origin are known. There are 20 families of tRNA’s corresponding to 
the 20 amino acids. 

The secondary structure of various tRNA’s is, in principle, of the 
same type. Obviously, this must be so for tRNA molecules to perform 
their functions—the recognition of the mRNA codon on the ribosome 
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minor nucleotides). 
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and the amino acid incorporation into the protein chain. Only tho 
initiating methionine tRNA has a somewhat different structure. 

The secondary structure of tRNA may be spectacularly depicted 
on the basis of the possibility of pairing of the complementary bases 
(A with U and G with C) and assuming that the nonpairing portions 
are loops (page 245). Then all known tRNA’s may be depicted by 
ithe clover-leaf model with four or five double-helical portions (Fig. 8.7). 

The four portions are constant, and the fifth, usually the smallest, 
varies. The clover-leaf model gives the projection of the tRNA 
‘molecule on the plane and reflects only its topology, i.e., the disposi- 
‘tion of the double-helical sections. 

The problem of working out the secondary structure of RNA 
‘from the nucleotide sequence was studied by Tumanian (1966). 
‘The algorithm includes two steps. First, there is constructed a trian- 
‘gular template of all possible pairs according to a simple rule: the 
element a;; which is at the intersection of the ith column and the 
jth line is equal to 1 or 0 if the ith and jth nucleotides are complemen- 
‘tary or noncomplementary, respectively. In order to take into ac- 
-count the difference in free energy between the G-C and A-U pairs, 
the corresponding weights are included instead of 1. The second step 
is the construction of “maximum hairpins”, i.e., the elucidation of 
the secondary structure with a single double-helical region with 
a maximum negative free energy. What remains to be done is to run 
-over a limited number of secondary structures with different numbers 
-of maximum hairpins found. 

Later (1971) Tinoco obtained more accurate values of free energies 
of the formation of various types of pairs and loops. 

As regards the secondary structure of tRNA, it can be found, as 
has been shown by Eigen, with the aid of the game model. “Tho 
tRNA game or how to make clover leaves” consists in the following. 
Each player is given a random sequence of N units belonging to four 
-classes: A, U, G, and C, and a tetrahedral die, each face of which 
corresponds to one of these letters. The players throw a die by turns 
and, filling a certain place in the sequence with the letter cast, each 
player strives to obtain a double-stranded structure with a maximum 
number of A-U and G-C pairs. The game is finished when one of tho 
players declares that he has obtained the “complete” structure. Tho 
winner is the player who got by this moment the maximum number 
of points. The points are counted for pairs; the player can be given, 
for example, two points for a G-C pair and one point for an A-U pair. 
The pairs can be formed only if there is a continuous sequence of 
2 G-C or G-C, 2 A-U or 4 A-U (the cooperativity rule). For each loop 
in the structure at least 5 positions must remain unpaired (cf. Fig. 8.7). 
The player throws a die for any position in the sequence declarod 
by him in advance. At N = 80 there is always obtained a structure 
of the clover-leaf type with 3-4 leaves. The hairpin that has only ono 


8.5. Translation 289 


loop, contains a maximum number of bases that can be paired. The 
clover-leaf model makes it possible, however, to test a much greater 
number of combinations, since separate leaves can be shifted in- 
dependently and from the outset a much larger number of combina- 
tions are possible. Eigen remarks that nature has evidently been 
playing this game since time immemorial. A game of a similar type 
can perhaps be devised for solv- 

ing the problem of the relation- 

ship between the primary and 5’-end 

the three-dimensional structure 
of the protein (Sec. 4.6). 

The three-dimensional struc- 
ture of native tRNA is rather 
compact. Thermally denatured 
tRNA is capable of renaturation. 
Rich (1972) succeeded in deci- 
phering the structure of phe-tRNA 
by means of X-ray structural 
analysis. This tRNA is built up 
of two helical segments linked at 
a right angle, like the letter I. 
‘The structure is shown in Fig. 8.8. 
The compact structure of tRNA Fig. 8.8. The three-dimensional struc- 
is stabilized by horizontal and ture of phenylalanine-tRNA (after 
vertical interactions in the dou- Rich). 
hle-helical portions, which are 
packed tightly under the influence 
of hydrophobic and electrostatic forces. The Mg?* ions required for 
maintaining the native structure compensate for the negative 
charges of the phosphate groups. 

The CD spectrum of tRNA has intensive positive maxima at 
204 nm (Ae about 5.5) and at 188 nm (Ae about 18), negative maxima 
at 296 nm (Ae = —0.35), 233 nm (Ae = —1.0), and 210 nm (Ae 
about —5.0). These bands are sensitive to conformations. 

The study of the migration of energy between the luminescent 
hase present in the anticodon loop of the phe-tRNA molecule and 
the chromophores (acridine dyes) linked covalently to the acceptor 
end, has made it possible to estimate the distance between them 
in accordance with structural data. 


3’-end 


* Anticodon. 
loop 


8.5. Translation 

Translation, which is the conversion of the polynucleotide tran- 
script of DNA and mRNA into the amino-acid, protein text occurs 
in complexes of ribosomes with polyribonucleotide chains, i.e., in 
polysomes. 


19-0279 
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Ribosomes can only be observed with the aid of an electron micro- 
scope (Fig. 8.9) as spherical particles with a diameter of 15-25 nm. 
The characteristics of ribosomes are listed in Table 8.2. 

The ribosomes of eukaryotes are characterized by a high value of 
S$o,w (80S and not 70S) and by molecular weights of (4.1-4.7) x 108 


iy ae An electron micrograph of ribosomes (after Vasiliev). Magnification 
500,000x. 


and by somewhat larger sizes (the dry volume is 5 x 10% nm‘), 
The 70S ribosomes consist of two subunits, 30S and 50S, into which 
they break down with a decrease in the concentration of divalent 
ions (Mg?*) or with an increase in the concentration of univalent ions. 
The molecular weight of 50S particles is 1.8 x 106 and that of 30S 
particles is (0.7-1.0) x 106. The shapes and sizes of 70S, 50S, and 
30S particles are given in Fig. 8.10 (cf. Fig. 8.9). 

Ribosomal RNA constitutes about 65 percent of the dry weight 
of ribosomes, the remaining 35 percent being proteins. These RNA's 
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Table 8.2. The Physical Properties of £. coli Ribosomes 


1. Sedimentation coefficient S$), y (in Svedberg units) . . 69.4-70.5 

2. Intrinsic viscosity [yn], cm3/g ............ 6.1-6.8 

3. Translational diffusion ceatiicient D8o, w X fo? ; 1.83 

4. Specific volume, cm3/g . 2... 2. 1 ee ee 0.64-0.60 

5. Molecular mass ............22.2.22008.4 ca. 3x 10° 

6. Size in dried state, nm ...........0..6. ca. 20X17X17 
7. Volume, nm3...... 2... ee ee ee ca. 3X 108 
8. Size in aqueous medium, nm............. ca. 30x 30x 20 
. Volume, nm3.............-02.-2.508008- ca (3-10) x 103 
10. Amount of tound water, g/g... .......... 0.9 


are subdivided into 3 classes: 23-28S, molecular weight >>1 x 108; 
16-185, molecular weight <1 x 108; and low-molecular-weight 
RNA’s—5S, molecular mass about 40,000. Presumably, the protein 
molecules interact with the nonhelical portions of rRNA and the 
ribonucleotide-protein complex 
is coiled into the compact struc- 
ture of the ribosomal subunit. 
The 70S ribosome contains about 
65 polypeptide units with an 
average molecular mass of 65,000. 
The 30S particles contain 19-20 
species of proteins, while the 
n0S particles contain more than 
n0 kinds of proteins. 

The complete “disassembly” of 

ribosomes and their reconstitu- 
tion from the proteins and rRNA 
has been accomplished by Nomu- 
ra (1966-1969). The role of rRNA 
is specific but not absolute—the 
functional 30S particles are pro- . F i 
duced from the 16S-rRNA of one Toa 50 pe ae 
species of bacteria and ribosomal 
30S proteins of another species. 
The number of proteins isolated was 19. The absence of any of these 
affects the function of the 30S particle. All the proteins function in 
uconcerted manner, which is also necessary for self-assembly. The 
kinetics of self-assembly corresponds to a first-order reaction, which 
implies the presence of a certain slow intermediate step which limits 
the reconstitution process. The strong dependence of the rate of 
«lf-assembly on temperature shows that for this reconstitution to be 
wffected a free energy of about 160 kJ/mole of ribosomes is needed. 
The self-assembly of ribosomes from all the components in vitro 
takes about 5 min. 


~<—20nm—> 


1f* 
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For the ribosomes to function properly in protein biosynthesis, it 
is necessary that special proteins be present in them, namely transfer 
factors, which bind to the ribosome in the presence of divalent ca- 
tions. These factors have been studied little. Divalent ions (Mg?* 
in a concentration not less than 0.005 M) are also required for the 
interaction of the ribosomes with mRNA or with artificial polyribo- 
nucleotides. Each ribosome unites only with one polynucleotide 
chain. The binding occurs in the 30S subunit. In the triple ribosome- 
mRNA-aminoacyl-tRNA complex, the third component becomes bound 
by its anticodon to the mRNA codon. This recognition and pairing 
also occur in the 30S subunit. 

Translation begins with initiation, i.e., the synthesis of the first 
peptide linkage. Two amynoacyl-tRNA complexes are simul- 
taneously involved in the initiation. One of them is the first one. 
It has been found that the first complex formed is invariably N-for- 
mylmethionyl-tRNA (symbolized as FMet-tRNA), which has an en- 
hanced affinity for the peptidyl-tRNA binding site of the ribosome on 
the 50S subunit. The initiating mRNA codon is AUG located at the 
5’-end of the polynucleotide (see page 297). Admittedly, this codon is 
preliminarily bound by the aminoacyl-tRNA binding site of the 
30S subunit. The overall scheme of the initiation process is as fol- 
lows (F is formyl): 


508 90S 
| -+F—Met-tRNA= | + F—Met-tRNA = 
308 30S---AUG 


50S 50S-+-F—Met-tRNA 
= | FUMet-tRNA > 
308 30S AUG 
“au 


This is followed by the consecutive polycondensation of the amino 
acids. During the entire course of the translation process the grow- 
ing polypeptide is kept bound to the ribosome. Attachment of each 
of the subsequent aminoacyls occurs at the C-end of the polypeptide 
chain. The transfer RNA that brings an aminoacyl remains to be 
bound to it. This aminoacyl arranges itself by way of the replace- 
ment of the tRNA by the aminoacyl-tRNA complex. We obtain 
the following scheme: 


Peptidyl (n)-tRNA’ + aminoacyl-tRNA” — Peptidy] (n+4)-tRNA” +tRNA’ 


This process repeats itself many times on each ribosome. Spirin 
proposed a spectacular model for the operation of the ribosome 
(Fig. 8.11). It is assumed in this model that the aminoacyl-tRNA 
binding site and the peptidyl-tRNA binding site are localized at dif- 
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ferent subunits, at 30S and 50S, respectively (Fig. 8.11b). The pep- 
tidyl-transferase centre, which provides the transfer of the peptidyl, 
resides at the 50S particle. The ribosome is periodically opened and 
closed. Figure 8.14c shows a closed riboseme, with the aminoacyl 
end of the aminoacyl-tRNA complex being located very close to 
the esterified carboxyl of the peptidyl. The closing of the ribosome 


5° 
Polypeptide 
chain 
(b) 
(d) (c) 
5" 
3° 5’ 3 
—_—_——_ 


Fig. 8.11. Schematic of the operating cycle of the ribosome according to Spirin 


subunits (6 +c) is accompanied by the formation of a peptide link- 
age. The carboxy] is transferred to the amino group of the aminoacyl- 
(RNA complex, and the deacylated tRNA remains bound to the 50S 
particle (Fig. 8.14d). Then translocation takes place—the tRNA 
is transferred from the peptidyl-tRNA from the 30S to the 50S par- 
licle, carrying with it the mRNA codon linked to it and displacing 
the deacylated tRNA from the peptidyl-tRNA binding site. The 
ribosome is again opened (Fig. 8.41a). Then a new aminoacyl-tRNA 
complex becomes attached to the new codon in the 30S particle and 
the cycle repeats. The periodic opening and closing of the ribosome is, 
according to Spirin, the driving mechanism that provides spatial 
displacements of tRNA and mRNA during the translation process. 
The periodic changes in the quaternary structure of the ribosome are 
transformed into the translational motion of the mRNA chain. 
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This is a mechanochemical process—mechanical work is done at the 
expense of the energy released upon binding by weak forces and at 
the expense of the chemical energy of GTP. The closing of the ribo- 
some is induced by the incoming aminoacyl-tRNA being attached to 
the ribosome, while its opening requires the energy of GTP. Gavrilo- 
va and Spirin have shown that the ribosome can also operate in vitro 
without GTP. Probably, the ability to display such a nonenzymatic 
translation is embedded in the structural organization of the ribosome. 

No quantitative physical theory of all these events.has been worked 
out as yet. It has been shown experimentally that the translation 
depends on the conformation of mRNA and that the active ribosome 
complex really undergoes conformational changes during translation. 

As has already been said, one mRNA chain combines with a number 
of ribosomes, forming a polysome. The size of polysomes depends on 
the length of the mRNA chains. There is one ribosome per every 
80-90 nucleotides in the chain. In the synthesis of proteins containing 
about 150 amino acids the polysome has 4-6 ribosomes, while in the 
synthesis of longer protein chains the polysome can contain 12-20 
and more ribosomes. One mRNA chain thus provides the synthesis of 
a number of protein chains. The template RNA undergoes then degra- 
dation under the action of the enzyme ezonuclease, which has been 
studied little. The ribosome, being attached to the 5’-end of mRNA, 
protects it from degradation. When the ribosome is moving, the 
5’-terminal portion either breaks down or binds a new ribosome. 
The degraded end can no longer bind a ribosome, but the earlier 
attached ribosomes continue to move and synthesize new protein 
chains. The time required for the synthesis of a protein chain contain- 
ing 400 amino-acid residues is about 30 s. The time t during which 
the ribosome travels the average distance 6 between two ribosomes 
in the polysome is about 3 s, which corresponds to a linear velocity 
of the order of 10-® cm/s. 

A mathematical model that describes these processes allows one to 
calculate the distribution of the sizes of mRNA in agreement with 
experiment. 

On the whole the protein biosynthesis is determined by the rates 
of transcription and translation. Presumably, these rates are com- 
mensurate, since with mRNA labeled with radioactive atoms there is 
observed a correlation between the lengths of labeled mRNAs 
and polysomes and there are no free labeled mRNA’s present. 


8.6. Deciphering of the Genetic Code and Its Meaning 

A direct way towards the solution of the problem was suggested 
by Nirenberg and Matthaei (1961). Upon introduction of synthetic 
polynucleotides into a cell-free system the amino acids are incorporat- 
ed into the polypeptide chain. The cell-free system contained ri- 
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hosomes, a set of tRNA’s, ATP, all the necessary enzymes, but it did 
not contain DNA and mRNA. The system was prepared from degrad- 
ed cells of E. coli. The ribosomal and supernatant fractions were 
isolated by centrifugation. The ribosome were washed off and the 
supernatant liquid containing enzymes and tRNA was subjected 
to dialysis against a special buffer. To the mixture of these two puri- 
fied fractions was added an ATP-generating system—a source of 
energy. Synthetic polynucleotides were injected into the cell-free 
system, and the incorporation of 44C-labeled amino acids into the 
fraction insoluble in trichloroacetic acid, i.e., polypeptides, was 
studied. It turned out to be possible to “deceive” the biological system 
--the ribosomes>interacted with synthetic polynucleotides instead 
of with a natural mRNA. It was found that the poly-U chain stim- 
ulates the polycondensation of phenylalanine, and poly-C performs 
the same function with respect to proline. 

Thus, the first codons were found. If the code is a triplet, then the 
codon UUU corresponds to Phe, and the codon CCC to Pro. Then, 
there was studied the action of copolymers of known composition 
but with a random sequence of nucleotides. The frequency of appear- 
ance of triplets of definite composition is known for such copoly- 
mers. The copolymer AU in the proportion 1 : 5 stimulates the incor- 
poration into the polypeptide chain of Phe, Leu, Ile and also, in 
xmaller amounts, of Asn and Lys. If 100 is the fraction of the triplet 
3U, then the fraction of 1A2U is 20 (3U/1A2U = 5), the fraction 
of 2A1U is 4 (83U/2A1U = 25), and that of 3A is 0.8 (3U/3A = 125). 
Comparing these values with the amount of incorporation (for Phe it 
is assumed to be equal to 100), one can find the composition of the 
codons for the amino-acid residues indicated (Table 8.3). 


Table 8.3. The Coding Triplets Obtained from Experiments 
with poly-AU (1:5) 


Calculated triplet fractions 


Amino-acid Total Amino-acid 
residue fraction incorpora- 
3A 2A1U 1A2U 3U tion 
Asn = 4 — — 4 6.6 
lle _— 4 20 _— 24 20 
Leu _— —_ 20 —_ 20 15 
Lys 0.8 4 —_— _— 4.8 3.1 
Tyr _ —_— 20 —_ 20 25 
Phe _ — — 4100 100 100 


In this way there were found the following triplets: 3U for Phe, 
1A2U for Tyr, 2A1U and 1A2U for Ile, 1A2U for Leu, 2A1U for Asn, 
and 3A and 2A1U for Lys. It was subsequently found that the last- 
tamed triplet did not code for Lys; the rest were confirmed. 
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However, such experiments do not yet provide the complete de- 
ciphering of the code. It remains to be unknown which of the three 
codons AUU, UAU or UUA does code for Tyr, etc. In subsequent 
experiments Nirenberg replaced polynucleotides with trinucleotides 
of known structure. So, trinucleotide-tRNA-amino acid (aminoacyl) 
complexes are formed in the systems. The synthesis of a polypeptide 
does not occur in this case, but since the trinucleotide imitates the 
codon, the formation of the complex allows it to be read out. For 
this to be done, all the tRNA’s that become consecutively bound to 
the labeled amino acids must be studied. All the 64 triplets were thus 
studied and the amino acids to which they became bound were iden- 
tified. The final stage of deciphering, which confirmed these results, 
was conducted by Khorana (1966). He synthesized oligodeoxyribo- 
nucleotides which were recurring triplets of known structure [for 
example, (TTC),]. Such an oligomer was then used as a template for 
the in vitro synthesis of a DNA-like polymer in a system containing 
the nucleoside triphosphates of T, C, G, A, DNA polymerase and the 
ions required (cf. page 268). This involved the synthesis of a DNA-like 
double helix. The two chains contained complementary triplets 
which recurred 7 times. Then, each of the chains served as a template 
for transcription—for the synthesis of a polyribonucleotide with the 
aid of RNA polymerase. Thus, Khorana produced two chains which 
imitated mRNA with a known sequence of recurring triplets. Both 
chains were introduced into a cell-free system and the amino acid 
incorporation into the polypeptide fraction was determined by the 
Nirenberg method. These elegant experiments enabled six codons 
to be tested in a single multistep synthesis in accordance with the fol- 
lowing scheme: 


(TTC), 


DN A-polymerase 


| | 


(TTC)n RNA-polymerase (GAA)n 
(GAA)n Cell-free system (UUC)n 
| | | [| | 
Wiss ie: as 
(Glu)n (Lys)n (ATg)n (Phe)p (Ser)n (Leu)n 


The polymer (GAA), contains the codons GAA, AAG, and AGA, 
and the polymer (UUC), contains the codons UUC, UCU, and CUU. 
Since the functionality of the homopolymers (AAA),, (CCC),,, 
(GGG),, and (UUU), has already been determined, in order to check 
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up the remaining 60 codons, one must carry out 10 such multistep 
experiments. 

The thus established genetic code is shown in Fig. 8.12. Each 
RNA codon is designated xyz. 

The codons GUG (Val) and AUG (Met) “code for the amino acids. 
in the middle of the protein chain. At the same time, they serve as. 


A 
Cc 
G 
U 
A 
Cc 
G 
U 
A 
Cc 
G 
U 
A 
Cc 
G 
U 


Fig. 8.12. The table of the genetic code. 


initiators of the chain synthesis, coding formylmethionine at its 
N-terminus end: 


NH—CO—H 
| 
H,C—S—CH,—CH,—CH 
| 
CO—OH 


If the artificial synthetic template does not contain these codons, 
the chains are synthesized that start at an arbitrary unit and have 
therefore different N-terminal ends. On the contrary, in the presence 
of GUG and AUG there are formed standard F-Met terminal ends. 
Natural proteins, however, do not contain F-Met. In the cell-free 
system of E£. coli there are formed chains with N-terminal ends 
I'-Met-Ala, F-Met-Ser, but not F-Met-Met. Natural proteins of 
I’. coli usually have Met, Ala, Ser at their N-terminal ends. One 
might think that in living systems two enzymes act—one of them 
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cleaves F-Met from the chain, and the other splits off the formyl 
group from Met. 

The codons UAA, UAG, and UGA are terminal. They are respon- 
sible for the termination of the protein chain and do not code any 
amino acids. 

The genetic code is universal, or very nearly so. Identical codons 
act in an analogous manner in different organisms. The universality 
of the code is directly proved by the multiplication of phages and 
viruses in cells. Virus DNA or RNA utilizes the biosynthetic ma- 
chinery of the cell and synthesizes its own proteins. At the same time, 
it has been found that poly-U stimulates the incorporation of Phe 
into cell-free extracts from the cells of mammals and algae. The 
same refers to other synthetic polynucleotides. The trinucleotide 
technique of Nirenberg has been applied to cell-free extracts from 
the cells of the frog Xenopus laevis and of a guinea pig and led to 
identical results. 

The sole known deviation of the code from universality has al- 
ready been mentioned (see page 280). In the synthesis of cytochrome 
oxidase in the human mitochondria the codon AUA codes for Met 
rather than for Ile, and the codon UGA codes for Trp and not for 
chain termination. The code table is found in this case to be more 
symmetric in accordance with the prediction made by Iéas in 1969, 
ten years before this discovery. 

The deciphering of the genetic code is the most significant achieve- 
ment of molecular biology, biochemistry, and biophysics. The 
entire path from the setting-up of the problem to its solution took 
a little more than 10 years or so, a very short period of 
time. 

The establishment of the code raised new problems. Does the gen- 
‘etic code have a physical, molecular meaning or is the correlation 
between the codons and amino acids accidental? What can be said 
in this connection about the origin and evolution of the code? How 
are point mutations associated with the specific features of the code 
table? What factors affect the reading of the code, the transcription 
and translation processes? The answers, far from complete, are given 
in the subsequent discussion. Here we shall confine ourselves to the 
physical meaning of the code. 

First, attention should be focused on the nature of the degeneracy 
of the codons (Fig. 8.12). For 32 codons, i.e., for half of all codons, 
there is complete degeneracy with respect to the third nucleotide z. 
In other words, an amino acid is fully specified by the first two nucleo- 
tides x and y and is independent of the nucleotide z. For doubly de- 
generate codons the nature of the amino acid is different for z= A, G 
(purine) and for z =C, U (pyrimidine). 

Sixteen doublets zy might be divided into two groups of eight 
in such a manner that the first octet would contain zy doublets 
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Table 8.4. The Codon System 


First octet Second octet 
Residue is Residue Residue 
x y n a ea y n Se ee ee ee 
(z= A, G, U, C) (z= A, G) (z=U, C) 

G G 6 ~~ Gly G A 5 Glu Asp 

G Cc 6 ~ Ala A G 5 Arg Ser 

Cc G 6 Arg U G 5 term.* (z= A) Cys 
Trp (z=G) 

Cc C 6 Pro Cc A 5 Gln His 

Cc U 5 Leu A A 4 Lys Asn 

G U 5 Val A U 4 Ile (=A) Ile 
Met (z=G) 

A Cc 5 Thr U A 4 term.* Tyr 

U C 5 Ser U U 4 Leu Phe 


* 


Term. = “nonsense” triplet (chain termination). 


coding for the amino-acid residue, irrespective of z; and the second 
octet will contain the remaining doublets (Rumer). This is shown in 
Table 8.4. 

The columns n give the number of hydrogen bonds between the 
nucleotides of the xy codon and the complementary nucleotides of 
the z’y’ anticodon. The doublets zy of the first and second octets 
differ sharply in composition. The first octet contains A only once, 
and in the second there is only one C. In the first octet, for both x 
and y(G + C)/(A + U) = 3, and in the second (G + C)/(A + U) = 
== 1/3. The value of n, which may be called the degree of complemen- 
tarity, is 6 and 5 (nm = 5.5) in the first octet and 5 and 4 (n = 4.5) 
in the second. It may be expected that the greater is the value of n, 
the weaker is the interaction z-z’ between codon and anticodon, 
since the interaction zy-z’y’ is sufficiently stable. 

The degeneracy with respect to z in the first octet is associated with 
the so-called wobbles of the 2-2’ interaction (Crick). This interac- 
tion, unlike zy-z’y’, is not unambiguous, as evidenced by Table 8.5. 


Table 8.5. The Formation of Pairs by the Third Nucleotide 
of the Anticodon 


The letter I stands for the minor nucleotide inosine. 
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The primary structure of proteins is coded genetically and the 
three-dimensional structure of the globule is coded in a biologically 
functional manner. The mutation replacements of the template 
nucleotides affect the functionality of the protein in various ways. 
We have seen that the hydrophobicity of the amino-acid residue 
is very important to the structure of the globule (see Sec. 4.5). 
Accordingly, mutations that strongly alter the hydrophobicity of 
the residue must have a stronger effect on the biological properties 
of the protein than mutations that alter the hydrophobicity only slight- 
ly. Mutations of the first type are more detrimental to the existence 
of the species and individual than the second. One might think that 
the evolution that has led to the existing code progressed in the 
direction of increasing reliability of the code in the sense that the 
fraction of more deleterious mutations diminished. Let us see how 
reliable the code is. 

Let us inspect Table 4.5 (page 118) which gives the hydrophobicities 
of the amino acids. The average difference in these values upon ar- 
bitrary replacement of one amino acid by another is 5370 J/mole. 
Within the conditional classification of amino acids into two classes— 
the hydrophobic (the first ten) and the hydrophilic class (the second 
10 amino acids), the average differences are 3370 and 1640 J/mole, 
respectively. 

The class of amino acids depends primarily on the second nucleo- 
tide y in the xyz codon. With y=U the residue is always hydrophobic 
(Ile, Met, Leu, Val, Phe). Let us call mutations that do not alter 
the class of the amino-acid residue correct and those which do alter 
the class incorrect. The latter are more deleterious to the structure 
of the protein. Replacement of one of the nucleotides in the codon 
xyz gives rise to the following distribution of correct and incorrect 
mutations: 


120 correct 74 correct 156 correct 
Replacement of z y z 
54 incorrect 102 incorrect 20 incorrect 


there are altogether 350 (66.5 percent) correct replacements and 176 
(33.5 percent) incorrect replacements. The correct replacements 
include “silent” mutations, i.e., those cases where the replacement 
of a nucleotide is not accompanied by the replacement of the residue 
because of the degeneracy of the code. The code is built so that the 
probability of a correct mutation is twice as high as the probability 
of an incorrect mutation. 

Let us calculate the average differences in the hiydrophobitities 
of the residues that correspond to single replacements of nucleotides. 
We obtain: 


upon replacement of x 4200, y 5370, z 1420 J/mole 
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and, on the average, 3660 J/mole for all the three nucleotides, which 
is much less than 5370 J/mole upon accidental replacement of the 
amino acid. Experiment gives the average difference in the hydro- 
phobicities of the original and replacing amino acids for 70 mutants 
of human hemoglobin 3500 J/mole and for 6 cytochromes c 3780 J/mole, 
etc. The analysis of 423 replacements by comparing six homologous 
proteins of different species (cytochrome c, hemoglobins a and B, 
insulins A and #) gives an average hydrophobicity difference of 
3240 J/mole. 

Thus, the code is highly (though not absolutely) reliable with 
respect to correct mutations, providing their higher probability. 
The advantage of correct mutations is due to the three-dimensional 
structure of the protein in an aqueous environment and, hence, to 
the specific physical properties of water. The correlation between 
codons and amino acids is found to be dictated by the physics of 
water. 


8.7. Mutations 

Mutations occur either spontaneously (spontaneous mutations) 
or under the influence of external factors—chemical or radiation 
effects on chromosomes and genes (induced mutations). The fol- 
lowing two types of mutations should be distinguished: chromosomal 
mutations—reconstitutions of chromosomes observable under the 
microscope, and point mutations (or replacement or gene mutations). 
The former are changes in the supermolecular structures, and the 
latter are changes in the nucleotide sequence in DNA and, accord- 
ingly, in mRNA. Here we shall consider point mutations. 

There exist four types of point mutation. 

(a) Mutations leading to replacements of nucleotides in codons and 
altering the sense of the codon, i.e., the amino acid residue in the 
protein. Such mutations are called missense mutations. 

(b) The replacements in codon leading to the codon degenerated 
together with the original one, i.e., which do not change the amino- 
acid residue in the protein. These silent mutations do not manifest 
themselves phenotypically, but they are very important to evolu- 
tion (see Sec. 17.9). 

(c) Mutations in which a normal codon that specifies an amino acid 
is changed to one of the three terminal codons: UAA, UAG, UGA. 
Such mutations are known as nonsense mutations. They lead to the 
termination of the protein chain and are especially detrimental. 

(d) Frameshift mutations which result in a deletion or an insertion 
of a nucleotide. They are so called because they shift the reading 
frame of the mRNA triplet codons (see page 277). 

Spontaneous gene mutations are determined by errors in DNA 
replication that arise because of the thermal motion of atoms and 
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molecules. Evidently, these errors of transcription and translation 
are not inherited. 

The insertion of a nucleotide that is not complementary to the 
template nucleotide, the deletion or replacement of a nucleotide 
usually lead to the formation of a loop in the DNA double helix 
(see page 245). In subsequent replications the DNA loop disappears 
as a result of the semiconservative synthesis, but the primary struc- 
ture of DNA remains unchanged. The formation of loops may be ac- 
companied by the formation of a pair different from a Watson-Crick 
pair due to the ability of a nitrogen base to form unusual hydrogen 
bonds (page 248) and also due to tautomerism (page 39). 

The replacement of the pair A-T by G-C is evidently thermodyn- 
amically favourable, since G is bound to C more strongly than is A 
to T. If it were for thermodynamics alone, the relative G-C content 
in DNA should have increased during the evolution. This is not the 
case in actuality—in higher organisms the G-C content is stabilized 
at the 40-45 percent level. The evolutionary formation of a “G + C 
organism” is biologically meaningless because triplets that do not 
contain A and T (A and U in mRNA) code only for Pro, Arg, Ala, and 
Gly, i-e., only one-fifth of all the amino-acid residues. 

Different point mutations have different probabilities. Vogel and 
Kopun (1977) analyzed 1293 amino-acid replacements in phylo- 
genetically linked proteins which are accounted for by single replace- 
ments of nucleotides zy in the codons zyz. The replacements of z 
are omitted because out of 61 x 3 = 183 replacements in sense 
codons 7 replacements lead to chain-termination codons and 126 re- 
placements are silent mutations. The numbers n; of replacements 
z-—>x' and y -y’ in RNA codons found in this way are listed in 
Table 8.6. 


Table 8.6. The Numbers of Mutation Replacements (n;) z~> 2’ and 
y—y’ in RNA Codons for Phylogenetically Linked Proteins 


x’ . y’ 
Pay, A G C U 
A _ 237 114 60 
G 272 _ 92 741 
Cc 96 73 _ 92 
U 54 63 69 —_ 


In order to find the relative probabilities of such mutations, one 
should take into account certain differences between the numbers 
of nucleotide replacements m; that may be observed in the form of 
amino-acid replacements according to the code. We thus obtain 
Table 8.7. 
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Table 8.7. The Numbers of Bent Observable Replacements 


(m;)x—2' and yy’ in Codons 
x,y | | | 
A G c U 
x,y e 

A — 30 28 27 
G 30 — 34 28 
C 28 31 _ 27 
U 27 28 27 _ 


The relative probabilities of replacements are found from the 
formula 
Sm 
nj i 
eee (8.1) 


Sinz mi 
T 


u 


Normalizing p; to unity, we obtain Table 8.8. 


Table 8.8. The Normalized Relative Probabilities of the Replacements 
z—z’ and yy’ in RNA Codons on the Basis 
of Data for Proteins 


it oes 


x’, y’ 


x,y 
A — 0.177 0.094 0.050 
G 0.201 _ 0.067 0.057 
Cc 0.076 0.053 — 0.076 
U 0.045 0.054 0.057 _— 


The replacements of nucleotides can be divided into two groups: 
transitions and transversions. Transitions are point mutations in 
either DNA or RNA in which there is a replacement of one purine 
by another or a replacement of one pyrimidine by another: A = G 
or C= U; transversions are point mutations in either DNA or 
XNA in which there is a replacement of a purine by a pyrimidine 
or vice versa: A == C, A= U, G==C, G= U. According to Table 8.8, 
the probability of transitions p = 0.68 and that of transversions 
1 — p = 0.32. The data referring to 198 mutants of human hemoglo- 
hin are somewhat different: p = 0.62 and 1 — p = 0.38. 

These data characterize two circumstances: the true probabilities 
of nucleotide replacements in DNA and RNA and the survival of 
the corresponding mutant proteins. Data have recently been obtained 
that refer directly to RNA, namely, 247 replacements. The corre- 
sponding normalized relative probabilities are presented in Table 8.9. 
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Table 8.9. The Normalized Relative Probabilities 
of Replacements in RNA 


eked A | G | c | U 
x, vu 
A —_ 0.065 0.040 0.053 
G 0.417 — 0.109 0.121 
Cc 0.093 0.413 —_— 0.424 
U 0.049 0.028 0.089 _ 


The excess of transition probabilities over transversion probabilities 
is retained, but it is not too large: p = 0.56 and 1 — p = 0.44. 

There is a considerable difference in the replacement probabilities 
found from the primary structures of proteins (Table 8.8) and directly 
from the primary structures of RNA (Table 8.9). In the first case, 
the probabilities of transitions A == G by far exceed the probabili- 
ties of transversions and transitions C= U, whereas in the second 
this is not observed. Hence, the replacements AG _ give 
a smaller fraction of lethals than the other replacements. This is 
accounted for by the fact that the amino-acid residues connected 
by transitions A —G are substantially closer to each other than 
those connected by other transitions. Indeed, the transitions A = G 
produce the smallest changes in hydrophobicity of amino-acid res- 
idues. On the contrary, the hydrophobicity changes that occur in 
transitions C = U are twice as large. Table 8.10 gives the averaged 
changes in the hydrophobicities of amino-acid residues upon nucleo- 
tide replacements in mRNA. 


Table 8.10. The Average Differences in the Hydrophobicity of Amino-Acid 
Residues (in kJ/mole) for Replacements z—> x’ 
and yy’ in RNA Codons 


Mere 
ie A | G | Cc | U 
x, Vv 
A —_ 2.94 4.97 5.10 
G 2.94 — 4.35 6.24 
Cc 4.97 4.35 _— 5.69 
U 5.10 6.24 5.68 _ 


Thus, the mutations A =G are the least detrimental to the struc- 
ture and functions of the protein and have the least lethal conse- 
quences. The true probabilities of replacements are presented in 
Table 8.9. They are in agreement with quantum-mechanical calcula- 
tions of the interaction energies in various nitrogen base pairs. 
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We have considered missense mutations which lead to the replace- 
ment of an amino-acid residue. We shall now turn to nonsense muta- 
tions which lead to the termination of the protein chain. There are 
altogether 23 such mutations, which inyolve single nucleotide 
replacements in codons xyz: 9 replacements in x, 7 replacements in y, 
and 7 replacements in z. Of these 23 mutations 18 are transversions 
and only 5 are transitions. The lower probability of transversions 
lowers, to a certain degree, the probability of a lethal nonsense 
mutation. 

The values of the probabilities of point mutations in codons 
given in Table 8.9 allow one to calculate the relative probabilities 
of chain-termination (nonsense) mutations. These values are listed 


Table 8.11 
ne 8.44. The Relative Probabilities of Mutations Leading 
; to Terminal Codons UAA, UAG, and UGA 


4. UA in codons UUG, UGU 0.049 
2. A-—>U in codons AAA, AAG, AGA 0.053 
3. U+G+U-—4A in codons UUA, UAU 0.077 
4. C-—>A in codons UCG, UGC 0.093 
5. G—U in codons GAA, GAG, GGA 0.124 
6. C—+U in codons CAA, CAG, CGA 0.124 
7. C+G+C-—A in codons UCA, UAG 0.206 
8. 2 mutations GA in codons UGG 0.234 


Thus, the nonsense mutations in the codon UGG, which codes 
for Trp, are the most probable. Of the 9 mutations of this codon 2 are 
nonsense mutations which occur with an increased probability. 
It may be supposed that this circumstance is responsible for the 
fact that in a gene that codes Trp-tRNA there occur mutations that 
convert this tRNA to a suppressor RNA. The intactness of the codon 
UGG is especially important. 

As regards silent mutations, their role in evolution is determined 
not by amino-acid replacements but by the fact that the jointly 
degenerate codons may mutate differently. We shall g ve one exam- 
ple. The mutation UUG (Leu) + UUA (Leu) does not change the 
amino-acid residue. But the probability of the nonsense mutation 
of UUA is 0.077, and that of the nonsense mutation of UUG is equal 
to 0.049 (Table 8.10). See also Sec. 17.9. 
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The functioning of the genes, i.e., protein biosynthesis, under- 
goes delicate regulation in living systems. The regulation at the 
molecular level is brought about by phenomena of molecular recogni- 
tion accomplished via weak interactions. In the final analysis, it is 
exactly molecular interactions, which produce feedback required 
for regulatory processes, that determine the entire path of the biolog- 
ical development of the cell. We have already discussed feedback 
phenomena at the molecular level—the phenomena of allosterism 
(page 221). 

The synthesis of the protein is distorted by the action of mutagenic 
factors on DNA. Nonmutagenic substances can also exert a substan- 
tial effect on the operation of genes. The induced synthesis of enzymes 
has been discovered in prokaryotes. The wild-type E. coli cells which 
grow in a medium with a nongalactoside source of carbon do not 
practically synthesize the enzyme B-galactosidase, which catalyzes the 
hydrolysis of the galactoside lactose. Addition of a substance capable 
of acting as an inducer of synthesis, say methylthiogalactoside, to 
the growing culture of the wild-type £. coliincreases the rate of syn- 
thesis of the galactosidase 10° times. The wild-type E. coli is an induced 
type. At the same time, there are also mutant strains of E. coli 
that synthesize B-galactosidase in the absence of an inducer. These 
mutants are called constitutive mutants. An inducer affects the genetic 
system of the cell. Jacob and Monod (1961) carried out a genetic 
analysis of an induced synthesis on the basis of a simple hypothesis 
which was later convincingly confirmed. The induced synthesis is 
suppressed by a specific substance, called a repressor, present in the 
cytoplasm. The repressor is synthesized by a special regulator gene. 
It was later demonstrated that repressors are proteins. The repressor 
acts at the operator gene which controls the transfer of information 
from several structural genes to the proteins being synthesized. 
The action of the repressor stops the operation of the entire set of 
these genes—the entire operon. 

The inducer of synthesis interacts with the protein-repressor and 
blocks (“turns off”) its effect on the operator gene. 

Figure 8.13 shows the scheme of the genetic system described above. 
In the case under consideration the repressor controls the synthesis 
of at least two enzymes: B-galactosidase and B-galactoside permease. 
The second enzyme determines the rate of incorporation of B-galacto- 
sides into the bacterial cells through the membranes. The syntheses 
of the two enzymes are properly correlated. 

The operon model has been verified by genetic investigations, which 
have proved the existence of a regulator gene and an operator gene 
and the occurrence of their mutations. The synthesis of f-galacto- 
sidase in E. coli is controlled by the so-called lac operon. This operon 


8.8. Regulation of Genes 307 


is acted on by a lac repressor—a tetrameric protein with a molecular 
mass of 150,000. 

Systems are known to exist in which one specific repressor acts 
on several different operons. e 

In the regulation of the operon as well as in the processes of DNA 
replication and transcription, which are catalyzed by the respective 
polymerases, we encounter the processes of protein-nucleic acid 
recognition which are very important to biology and biophysics. 


Operon 
Operator Structural 
Promoter gene gene genes 
' 1 i ; 
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y - ' \ 
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an >| permease 
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Fig. 8.13. The operon model. 


Here the “hypercycle” is realized (Eigen; see Sec. 17.4): DNA and 
mRNA are responsible for protein synthesis, which in turn governs 
the functioning of the nucleic acid. 

Gursky, Gottikh and their colleagues have proposed a code of 
nucleic acid-protein recognition which determines the regulation 
of transcription (1976). It is assumed that the region of the regula- 
tory protein consists of two antiparallel segments of the polypeptide 
chain which form the f-structure. The recognition is based on the 
complementarity of this structure and the base-pair sequence of 
INA. An important property of this sequence is the asymmetric dis- 
tribution of guanines between the two strands of DNA. In the code 
proposed, the six amino-acid residues—Ser, Thr, Asp, His, Gln, 
Cys—and their sequence in the stereospecific region of the protein 
determine the base-pair sequence in DNA, to which the given pro- 
tein becomes predominantly bound. The code worked out on the 
hasis of stereochemistry is confirmed by the interaction between the 
lac repressor and the lac operon and by other examples. 

The control of the operon by the operator gene is presumably deter- 
mined by the fact that the synthesis of mRNA starts at the end of 
the operon that adjoins the operator gene. 
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The above-described method of control and regulation of protein 
biosynthesis in prokaryotes does not yet provide for the regulatory 
needs of the cell. The proteins that are coded for by the same operon 
may be needed in different amounts and at different times. In order 
to get an insight into the corresponding regulatory phenomena, a de- 
tailed examination of the transcription process is required. It is rea- 
sonable to consider the onset of the synthesis of RNA on DNA (initi- 
ation) and the continuation of this synthesis (elongation) as two 
independent steps. 

The DNA-dependent synthesis of RNA is suppressed by a number 
of antibiotics, such as actinomycin, which block the DNA template. 
Antibiotics of the rifamycin group act, on the contrary, on the RNA 
polymerase. Rifamycin acts at the initiation stage, inhibiting the 
formation of the first internucleotide bond. Other substances that 
affect the polymerase inhibit the elongation. 

The regulation of transcription is realized not in all cases by the 
Jacob-Monod scheme via a negative regulatory repressor factor. 
In the case of phage DNA’s the readout of definite genes does not 
occur in the absence of any repressors either. For these genes to be 
switched on, positive regulatory factors are required. 

On infecting the cell of E. coli with T-even phages there is realized 
an accurately regulated time sequence of transcription processes. 
In several minutes after infection the synthesis of mRNA and of 
the proteins of the host cell is turned off and several new enzymes 
needed for the synthesis of phage DNA are synthesized, this being 
followed by the synthesis of the structural proteins of the phage. 
The specific phage mRNA’s appear not immediately but consecu- 
tively (Khesin and coworkers, 1962, 1963). At the early and final 
stages of the development of phages T2 and T4 there are formed, 
in the cell of #. coli, various sets of mRNA’s synthesized on various 
groups of genes. The appearance of various groups of mRNA de- 
pends on the processes of protein synthesis and replication of phage 
DNA. The models proposed to account for these phenomena are based 
on the consideration of the complex subunit structure of RNA 
polymerase, which undergoes changes under the influence of protein 
regulatory factors. Detailed molecular mechanisms of the time regu- 
lation of protein synthesis are so far unknown. 

This regulation is evidently effected~at all the stages of protein 
synthesis. The operation of polymerases, aminoacyl-tRNA-synthetase 
and ribosomes is regulated. It has been found that antibiotics affect 
the translation of the code by exerting an influence on the ribosomes. 
Streptomycin, which upsets translation in a cell-free system as well, 
is incorporated into the 30S subunits of the ribosomes. 

Cyclic adenosine monophosphate (cAMP, see page 44) stimulates 
the operation of genes at the level of transcription and serves as a chem- 
ical trigger of transcription. Transcription begins when the com- 
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plex of cAMP with the receptor-protein activates some promoter 
site of DNA at the beginning of the operon. RNA polymerase binds 
to the activated promoter site and then moves along the DNA chain, 
organizing the synthesis of mRNA. The, cAMP-receptor complex 
does not contribute to transcription in the presence of a specific repres- 
sor protein. Cyclic AMP can stimulate the transcription of a number 
of various operons. 

The gene regulation in eukaryotic cells is naturally much more com- 
plicated. The genes of eukaryotes are present in chromosomes—super- 
molecular structures which are nucleoproteins. Nucleoproteins are 
organized DNA-protein complexes. 

All somatic cells of a particular multicellular organism contain 
the same set of genes identical with the genome of the original zygote. 
(We distract from somatic mutations.) At the same time, the cells 
of various tissues differ from one another both morphologically and 
functionally. Their differences are reduced to the following: different 
proteins function in different cells of the same organism. This means 
that different genes operate in different cells and the molecular signif- 
icance of cell differentiation consists in the regulation of gene opera- 
tion. In a given species of cells the translation is only effected for 
a small fraction of genes present. 

Proteins that enter into the composition of chromatin and chromo- 
somes are subdivided into histones and nonhistone proteins (NHP). 
The following five varieties of histones, which are small basic pro- 
teins containing large amounts of Arg and Lys, are known to exist: 
114, H2A, H2B, H3, and H4. The primary structures of histones isolated 
from various organisms have been established. This structure is exceed- 
ingly stable during evolution for nearly all the five types of histones. 
For example, histones H2 from peas and calf thymus differ in only 
two amino-acid residues of the 102 present in the molecule. The 
constancy of the primary structure of histones is presumably associat: 
ed with the fact that the entire histone molecule is functional: 
some of its portions are responsible for binding to DNA through 
the salt bridges Arg, Lys-phosphate, and the others for interprotein 
interactions. Chromatin is built up of tightly packed nucleosomes— 
fragments 10 nm in diameter, into which chromatin is split by the 
action of nucleases. There are three types of mononucleosomes: 
MH1 which contains 145 base pairs of DNA and all histone fractions 
(two molecules of each), except H1; MH2 which contains 160-170 
hase pairs, the same 8 histone molecules as MH14 and one H1 mole- 
cule; and MH3 which contains 200 base pairs and the same 9 histone 
molecules as MH2. According to Crick and Klug, DNA in nucleo- 
somes is coiled around the protein into a superhelix; this superspiral- 
ization is determined not by a uniform folding of the double helix 
hut by its abrupt bending through about every 20 base pairs (1975). 
The coiling of DNA into a superhelix is evidently brought about by 
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neutralizing the negative charges of the phosphate groups by the 
positive charges of the histones. The presence of 8 or 9 different 
histones in nucleosomes makes possible for nucleosomes to have 
a large variety of structures. Tsanev and Sendov presumed the exist- 
ence of a specific code for gene blocking, assuming that the coding 
is determined by the different combinations of five histones (1966). 

During the course of cell development the conformations of hist- 
ones and nonhistone proteins and their DNA complexes undergo 
change and the genome experiences functional changes and becomes 
more or less accessible to the action of the regulatory proteins of 
cytoplasm. At the giant chromosomes of two-wing insects (Diptera) 
there appear, at a certain stage of development, chromosomal puffs— 
swollen portions, which are the loci of the most intensive synthesis 
of RNA. The histones at these sites undergo chemical and conforma- 
tional changes, which is what provides a change in the functionality 
of the corresponding genes. Presumably, the histones in the puffs 
are less strongly bound to DNA; they are more accessible to the action 
of proteases and are more easily isolated. Accordingly, the histones 
in the puffs do not interfere with the operation of RNA polymerase. 
Under normal conditions the histones impede transcription. 

Georgiev has studied the mechanism of inhibition of RNA syn- 
thesis by histones, using the method of the double-label technique. 
The **P-phosphate-labeled ATP and GTP were used to determine 
the initiation of the RNA chain, and *C-UTP was employed for 
the determination of the overall rate of growth of the RNA chain. 
The addition of histones diminished the 14C/*?P ratio in the synthes- 
ized RNA. This shows that either the rate of chain growth is slowed 
down or relatively short chains are formed, i.e., the histones impede 
the movement of the polymerase along the template. The template 
activity of chromatin is one order of magnitude lower than that of 
chromatin in free DNA. The removal of histones from chromatin 
increases its template activity. 

Nonhistone proteins contain acidic amino-acid residues and not 
basic ones. They are highly heterogeneous. Their molecular masses 
range from 10,000 to 150,000. They are functionally different. 
The properties and structures of nonhistone proteins have been 
studied little, but their participation in the regulation of genes is 
undoubtful. The ability of nonhistone chromatin proteins to stim- 
ulate the synthesis of RNA in cell-free systems depends on the state 
of their phosphorylation. A hypothesis has been worked out, accord- 
ing to which the gene is incorporated through addition of a nonhist- 
one protein to a histone-repressed specific site of DNA. The nonhist- 
one proteins are phosphorylated and become negatively charged. 
Therefore they repel the negatively charged DNA and leave it 
together with the positively charged histones. There is left a free 
portion of DNA capable of transcription. 
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The genomes of eukaryotes are very complex. They contain repe- 
titious genes and inverted genes (palindromes). The genetically func- 
tional portions of DNA alternate with nonfunctional portions (spacers). 
There are transcribable and nontranscribable spacers. It has been 
recently found that even within the genes, i.e., the functional por- 
tions of DNA, there are intervening nonfunctional portions called 
introns in this case. Georgiev and his coworkers have found that 
eukaryotes have gene assemblies that form whole regulatory sys- 
tems—transcriptons (Fig. 8.14). Their transcription gives rise to 
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Fig. 8.14. Schematic representation of the transcripton: 
p—promotor; a; ... a,, are acceptor sites; 8, are structural genes. 


pro-mRNA, only a small part of which is a true mRNA responsible 
for protein synthesis. The greater part of pro-mRNA is noninforma- 
tional and degrades under the action of nucleases. The breakdown 
of this part of pro-mRNA and the separation of the true mRNA, 
shown schematically in Fig. 8.14, are called processing. 

Thus, the transcripton consists of a very large genetically nonfunc- 
tional zone of DNA, which may be called the acceptor zone, and 
a small structural zone. It is exactly the acceptor zone that contains 
portions that interact with regulatory proteins. At the beginning of 
the transcripton, whose size is much larger than that of the bacterial 
operon, there is a promoter region to which RNA polymerase attaches 
itself. The movement of the polymerase along the transcripton length 
(transcription) is regulated by the interaction of regulatory proteins 
with acceptor regions. 

The transcripton model provides a much subtler regulation of 
gene expression, blocking and activation than the regulation of 
genes in prokaryotes. The interaction of NHC proteins and histones 
with acceptor regions affects the structure of chromatin and chro- 
mosomes, determining the packing of DNA, on which the possibil- 
ities of transcription depend. A single transcripton contains various 
acceptor regions which recognize different regulatory proteins. And, 
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conversely, different transcriptons can recognize the same protein. 
Accordingly, the addition or separation of one protein can turn on or 
off the entire assembly of transcriptons. 

The large size of the DNA acceptor zone turns out to be necessary 
precisely for a fine and diverse regulation, without which no differ- 
entiated multicellular organism would be able to exist. According 
to the transcripton model, mRNA is at the end of the giant pro- 
mRNA. Since there are acceptor regions which are identical for differ- 
ent transcriptons, the initial parts of pro-mRNA must contain 
identical sequences for different pro-mRNA. This has been con- 
firmed by experiment. 

Orgel and Crick (1980) formulated the hypothesis of “selfish DNA”. 
The greater part of DNA in cells of higher organisms is not function- 
al—it has no effect on the phenotype. It might be expected that 
the “selfish” DNA is replicated independently, behaving in this 
sense like a not too harmful parasite. The presence of an excess amount 
of such DNA can, however, slow down the rate of meiosis. The 
size of the genome sets up a limit, beyond which the development 
cannot be speeded up. 

The problems of the regulation of gene expression in eukaryotes 
have only recently become the concern of biophysics. The complex 
nucleoprotein systems of chromatin and chromosomes have not been 
studied sufficiently well for a clear-cut formulation of many phys- 
ical problems to be made possible. At the same time, the physico- 
mathematical modelling of regulatory processes of development is 
successfully progressing (see Chapter 17). 


Chapter 9 Nonequilibrium Thermodynamics 
in Biology 


9.1. Information and Entropy 

While studying the structure and properties of biopolymers, we have 
so far, as a rule, confined ourselves to the consideration of equilib- 
rium states. As far as a developed structure is concerned, this is quite 
natural. But the emergence of a structure, i.e., biosynthesis and self- 
assembly, is a series of nonequilibrium processes which proceed ir- 
reversibly. The more so it refers to the functioning of a biological 
system as a whole, to the processes of evolutionary and individual 
development. 

As we have seen, a living organism is a kind of chemical machine 
that works due to molecular feedforward and feedback relation- 
ships. Molecular signalling serves to convey informational messages. 
Accordingly, a general physical treatment of biological systems is 
based on information theory which plays an important part in ther- 
modynamics. 

Information theory introduces a measure of the amount of informa- 
tion. Suppose that there are P, different, equally probable events. 
For example, in coin tossing Py) = 2 and in die casting P) = 6. 
The larger the value of Py, the greater is the uncertainty until we 
obtain information about the event and the larger is the amount of 
information (we shall call it simply information in the subsequent 
discussion) when we obtain the message. In the initial situation, 
before the coin or die is thrown, the information is equal to zero, 
/, = 0, and in the final situation, J, + 0. The measure of informa- 
tion must evidently be connected with P,. It will be natural to de- 
mand that information be additive for independent events (say, in 
throwing two dice). 

Thus, if there are two sets of events, Py), and Po., so that the total 
number of events is 


Py = PoPoe (9.1) 
(in tossing two dice 36 = 6 x 6), then we have 
T (PoPo2) = I (Pox) + TF (Pos) (9.2) 
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This relation is satisfied by the only solution possible: 
Il=KinP, (9.3) 


the constant K being arbitrary. The base of the logarithm is there- 
fore also arbitrary. It is convenient to use the binary system and 
logarithms to the base 2. If we form all possible “words” or sequences 
of two digits 0 and 4 and of length n, there will be P = 2" possi- 
bilities. Let us require that 


IT=KimP= Knin2=n (9.4) 
that is, 
K = 1/in 2 = log, e (9.5) 
and 
I = log, P (9.6) 


Here the information is measured in bits. Thus, at Py = 2 and 
P, =1 (the tossing of a coin) 


How many bits does a three-digit number contain? The first digit 
has 9 different values—from 1 to 9, the second and third—10 values 
each, from 0 to 9. We have 


I = log, 9 + 2 log, 10 = 9.28 bits 


The definition of information adopted corresponds to the binary sys- 
tem in which any number is written as powers of the number 2 by 
means of the digits 0 and 1. One decimal unit gives 3.32 bits, i.e., 
the binary notation of the number requires, on an average, 3.32 
times more figures than does the decimal notation. 

Suppose we have a message containing N successive cells—a text 
of N letters. Each of N cells may contain one of M letters (in the 
Russian language M = 32). The message consists of N, letters A, 
N, letters B, etc. We have 


M 
N= XN; / (9.7) 
I= 
The probability of occurrence of a particular letter is 
pj = Nj/N, j=1, 2 see VL (9.8) 
with 
<) 
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The total number of various sequences of N letters of the M-letter 
language, i.e., the number of various possible messages, is equal to 


— (9.10) 


The information in a single message is equal to (we use Stirling’s 
formula which gives good results at Nj; > 100) 


Il=K\inP= 


M M 
= K [In(}) =O) In(Vj))] & K(N1n N-X N,\nNj) (9.44) 


or 
M 
=—KN >) p;|np; (9.12) 
j=1 
and the information per letter is 
M 
i=I/N=—K > p,|np; (9.13) 
j= 


We have just obtained the Shannon formula—a more general ex- 
pression for information which corresponds to a sequence of events 
that have nonequal probabilities p;. Here, if K = 1/In 2, the infor- 
mation is expressed in bits, and if K = k = 1.38 x 10-3 J/K 
(Boltzmann’s constant), then J is expressed in J/K, i.e., in entropy 
units. We call the quantity 


=—k Bi pylnp; (9.14) 


the entropy. We shall see later that this quantity is actually the 
physical entropy. 

Let us show that a change in uncertainty leads to a gain in infor- 
mation. We pass over from the probability distribution P = (p,, 
Po. -+-, Pm) to the distribution Q = (q,, qd, ---, Gm). But how 
does the information change? When the probability of an event 
changes from p to 1, the change in the information is equal to 


AI=kIn—= —kInp 
and with the change p > q 
AI =k In= (9.15) 


When the entire probability distribution is changed from P to Q, 
the change of the information is equal to the sum of the partial 
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changes AJ multiplied by the finite probabilities q;: 


AI=k >‘ q; Ine (9.16) 
j 


This quantity is always positive; only at Q = P is the change in 
information AJ equal to zero. Let us prove this. At any x, except 
at z= 1, 

Inz>1— 41/z 


Hence, 
Laina > Da — #1) = 3 43— dD py=0 
ij j j j 


Thus, the knowledge of the change P —> Q diminishes the uncertainty 
and gives a positive gain in information. 

Let p; denote the probabilities of the system being in states with 
energy E,;. We have 


We seek the maximum of the quantity S/k [Eq. (9.14)] with the simul- 
taneous fulfilment of the conditions (9.9) and (9.17). We make use 
of the method of Lagrange multipliers. We multiply Eq. (9.9) by 
a — 1 and Eq. (9.17) by B, add these expressions to Eq. (9.14) and 
vary the sum obtained. Equating the variation to zero, we get: 


6 [= S—(2—1) D py—B D wks] =0 (9.18) 


Differentiating with respect to p; and setting the derivative to zero, 
we find that 


—lIn pj —1—(a — 1) — BE; = 0 
from which 
pj = exp (—a — B£;) (9.19) 


Substituting Eq. (9.19) into Eq. (9.14), we find the maximum entro- 
py: 


1 
x Smax=& Dd) ps +B DY pF; =a+pE (9.20) 
On the other hand, from Eqs. (9.9) and (9.19) it follows that 
{=}! pj=e-% >» 7 PEj -- e=0Z 
dj ] 
that is, 
e=—Z,a=l1nZ (9.24) 
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Equation (9.20) yields 


E- ees —F InZ (9.22) 
This is the well-known equation of thermodynamics and statistical 
physics. Here 


z=» exp (—BE)) (9.23) 


is the partition function; Sma, is the equilibrium entropy; B-! = kT, 
where 7 is the absolute temperature. Expression (9.19) is the Boltz- 
mann distribution function: 


_ __ exp (— Ey/kT) 24 

PISS exp (— Blk) oT 
j 

The average energy of the system, Z, and the equilibrium entropy S 


(the subscript maz is omitted) are functions of the volume V. Ex- 
pression (9.22) gives the Helmholtz free energy: 


E—TS =—kTinZ=F (9.25) 
The Gibbs free energy is defined as 
G=F+pV=E+pV—TS =H—TS (9.26) 


where H is the enthalpy and p: is the pressure. 

Thus, the informational entropy (9.14) really coincides with the 
thermodynamic entropy. This has a real physical meaning—the 
information obtained must be paid for by an increase in entropy. Any 
measurement is associated with an increase in the entropy of the en- 
vironment. If the information and entropy are measured at the same 
level of reception, the law of conservation holds: 


I+ S = const (9.27) 


The two quantities are measured in the same units. This means that 
the entropy is a measure of the deficiency of information about the 
system. The entropy S decreases with increasing J and vice versa. 
The quantities J and S have here a macroscopic meaning. For exam- 
ple, when a liquid is evaporated, the macroscopic information about 
the location of molecules in a certain part of space disappears. Accord- 
ingly, the entropy increases. The macroscopic information is convert- 
ed to microscopic information, say to the information about the 
correlations between the velocities of molecules in the gas which 
appear upon their collisions. But this is no longer information—it 
can neither be recorded nor memorized. This is the entropy. 

The equivalency of information (in bits) and entropy (in J/K) 
is similar to the equivalency of mass and energy in accordance with 
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the Einstein law: 
E = me? 


In our case, 1 bit of information is equivalent to k In 2 = 10-* J/K, 
i.e., to a very small thermodynamic value. On the entropy scale, 
the information “costs” very little. Nonetheless, it must be paid for. 
Let us evaluate the “price” for one bit of information in work units. 
Suppose that we have an ideal gas containing N[molecules at pres- 
sure p and temperature 7. As a result of fluctuations, the volume of 
the gas decreases from V to V — 6V. The work expended for such 
a decrease is W = pOV. We calculate the gain of information. Each 
molecule resides in volume V with a probability of 4 and in volume 
V — 6V with a probability of 1— 6V/V. For N molecules the 
probability is equal to (4 — 6V/V)%. The gain in information is 


Al = K nt © KN (at N > 1)’ 


Hence, 
W péV pV kT 


AI” KN6V"° KN T 


The work expended per one bit of information is prcportional to the 
temperature at which the information is determined. If AJ is evaluat- 
ed in bits, then K = 1/In 2 and in order to obtain one bit of infor- 
mation, there must be consumed an energy equal to kT In 2, which 
at 7 = 300 K is equivalent to 2 x 10-*! J. This is the lower estimate 
of the energy needed. 

The amount of information contained in a living organism can be 
estimated roughly. According to Blumenfeld, the basic amount of 
information in the human organism is determined by the ordered 
arrangement of amino-acid residues in 7 kg of proteins, which cor- 
responds to 3 x 10%° residues. This gives 1.3 x 10%° bits. The other 
contributions are considerably smaller: 150 g of DNA contained in 
the human organism corresponds to6 x 102° bits; the ordered arrange- 
ment of 101° cells is represented by 4 x 10!* bits; and the ordered 
arrangement of 10% molecules of biopolymers in the cell is expressed 
by only 2.6 x 10® bits. The protein information is very small on 
the thermodynamic scale: 1.3 x 107 kIn2=1.3 x 10° J/K x 
s 300 cal/K. In entropy units the orderliness of a living organism 
is rather small; it is much smaller then the orderliness of a piece of 
rock of the same mass for the simple reason that the organism con- 
tains liquids. 

The information theory and its applications in biology will be 
returned to in Sec. 17.9. 
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9.2. Nonequilibrium Processes 

What has been said above refers to equilibrium systems in which 
the entropy is at a maximum. Living systems are nonequilibrium 
systems. We shall now turn to nonequilibrium systems and proces- 
ses. 

Let us consider a system consisting of two subsystems, say a gas 
whose volume is divided into two parts. We assume that the dis- 
tributions of probabilities p; and pj are specified in both subsystems. 
The corresponding entropies are given by 


S’=—k > pilnpj and S"=—k)>) pilnpj; (9.28) 


As before, we have 


Dpi=1 and Si pi=t (9.29) 
a t 
and 
f= 2) pik; and E"= > PiEG (9.30) 
a a 
The total energy is assumed to be constant: 
E'+E"=E (9.31) 
The entropy is additive: 
S’4+s*’=S (9.32) 
We have 
os 6s’ 6s os’ hi 6S’ 0S” 
oe = oe + ioe = oe + oe) oR — oer (993) 
and, according to Eq. (9.20), 
os ¥ ” 4 1 
oe =k (8-8) =a - (9.34) 


In a nonequilibrium system all its characteristics, including the 
entropy, depend on time ¢. When the two subsystems, which have, 
say, different temperatures, are in contact with each other, a transfer 
of some physical quantity (say, energy) occurs between them. As a 
result of this transfer, the probability distribution is changed. We 
have 


S()=—kY rin pid) (9.35) 


Hence, in this particular case [see Eq. (9.34)], 


ds 0s =(7 =) 
dt 
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The change of the entropy with time is expressed by the product of the 
generalized energy flux 


dE’ 
Jaa (9.37) 
by the generalized force defined as 
1 4 
X=p-F (9.38) 


In the above derivation we assumed that the entropy outside equi- 
librium depends on the same variables as it does in equilibrium— 
formula (9.35) is similar to formula (9.14). Without delving into sub- 
tle physical problems, we note that this assumption is proved by 
the nearness of the processes under consideration to equilibrium. 
A quantitative criterion of such nearness is given below (page 326). 

If the system is characterized by many extensive variables (such 
as energy), the change of entropy with time is represented by the 
sum of the products of generalized forces and generalized fluxes: 


dS 
j 


The entropy change in an open system is made up of the entropy 
production inside the system, d;S, and the entropy flow d,8S (i.e., 
the exchange of entropy between the system and the outside world): 


dS =d,;S + 4,8 (9.40) 


According to the second law of thermodynamics, d;S > 0; the sign 
of d.S has not been determined (see page 20). In the case under con- 
sideration, d,.S = 0 (the system as a whole is closed) and dS = 
= d;S—the entropy is produced due to the heat exchange between 
the two subsystems, as a result of which a thermal equilibrium will 
sooner or later be set up in the system. In a general case, expression 
(9.39) defines the so-called dissipation function o—the rate of entropy 
production in unit volume. According to the second law of thermody- 


namics, ~~, 
d;S 
45 j odV>0 (9.41) 
and, according to Eq. (9.39), 
o=)) J;X; (9.42) 
J 


Here the forces and fluxes are referred to unit volume. . 

What generalized fluxes and generalized forces have we to deal 
with in the case of biological open systems—cells and organisms? 
We treat these systems as chemical systems that are at constant 
temperature. They undergo chemical reactions and transport of 
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matter occurs in them. For a chemical reaction the role of the flux 
is played by the reaction rate v, i-e., the derivative of the reaction 
coordinate § with respect to time: 
di e@ 
J enem =v = 2 (9.43) 


The coordinate & is the degree of advancement of the chemical reac- 
tion: 


E()=8(0)+ f vdi= 80+ | Se (9.44) 
4 a 


where ny is the number of moles of the reactant y; v, is the stoichio- 
metric coefficient of this reactant in the reaction. The course of the 
chemical reaction is determined by the difference between the chem- 
ical potentials of the reactants and products, just as the heat energy 
flux is determined by the temperature difference. Accordingly, the 
generalized force for a chemical process is given by 


1 
Xohem= —— Ds Volly = (9.45) 
v 


where py is the chemical potential of component y. The quantity 
A= —>)yybhy is called the affinity of the chemical reaction. The 
v 


summation is carried out over all the reactants and products. 
The chemical potential is given by 


0G 
by = am le 5 rth (Ps T) + RT In ey (9.46) 


where G is the Gibbs free energy; cy is the concentration (or activity) 
of the reactant y. 


The equilibrium constant of the reaction K (p, T) is defined by 
the formula that expresses the law of mass action: 


K (p, T) =clbgcdbg - ++ Cr? eg = xP (—or Si vont) (9.47) 
y=1 


The subscript “eq” signifies the equilibrium concentration. In a state 
of equilibrium 


Aeg= —> Voy — RTD Vy In Cyeq = 
v 


=—S)vp3 —RTInK(p,T)=0 (9.48). 
v 


21—0279 
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Hence, the affinity is defined by the formula 


A= RT na es (9.49) 


0G 
A=— Dw oe 


But 
0G 0G dn aG 
(a) a> 2 = oy 
? v 
Hence, 
0G 
4--(4),. 230 


9.3. Coupling of Fluxes 
The generalized fluxes J; depend on the generalized forces and vice 


versa—the rate of a chemical reaction depends on the affinity, and 
the heat energy flux on the temperature difference. In a linear ap- 


proximation 
n 


Jim >) LyjX;, i, j= 1, 2,...,0 (9.51) 
j=1 
where L;; are the phenomenological coefficients. 

Simple examples of linear relationships are: the law of heat con- 
duction (a heat flux, and the generalized force is the inverse-temper- 
ature difference); Ohm’s law (the flux is the electric current and 
the force is the potential difference); Fick’s law of diffusion (a flux 
of matter and the force is the concentration difference), etc. 

Near the equilibrium, according to the Onsager theorem, the phe- 
nomenological coefficients L;; form a symmetric matrix, i.e., 


Ly = Ly (9.52) 


This relation follows strictly from the principle of microscopic re- 


versibility. 
The relations inverse to Eq. (9.51) may be written in the form 


X; = pa RijJj (9.53) 


Here the coefficients R;; also form a symmetric matrix. 
Since o > 0, certain constraints are imposed on the phenomeno- 
logical coefficients L,; (and, accordingly, on R;;). Let us consider, 
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without loss of generality, the case of two forces and two fluxes: 
Jy = LyX, + LyX, 


9.54 
Jo = LyX, + LyX, ( ) 

According to Eq. (9.42), we have 
O = Ly Xt + (Lyn + Los) X4X2+ LoX3S0 (9.55) 


The dissipation function o is positive at any nonzero values of the 
variables X, and X, and vanishes if X, = X, = 0. Thus, 


L,, > 0 and L,, >0 (9.56) 
and 
(Lyn + Loy)? < 4LyiLoe (9.57) 
Since the coefficients are symmetrical, L,. = L,,, 
LE? <i LyLog (9.57a) 


The sign of the off-diagonal coefficient L,, may be either positive or 
negative. In a general case, 


Lj > 0, Lihy; > Li; (9.58) 
It should be emphasized that the condition o > 0 refers to the 
sum >}XjJ; as a whole. The individual members of this sum can be 


1 
negative. This means that no single flux J; is possible, since X,J; < 0. 
In other words, such a flux would contradict the second law of ther- 
modynamics. However, because of the coupling with other fluxes, 
for which we have positive values of X;J; > 0, a flux inconceivable 
in a closed system becomes possible in an open system. The following. 
condition must only be fulfilled: 


Dd XJ is> | Xi | 
iFi 


The coupling is determined by the difference of the off-diagonal coef— 
ficients L,; from zero. Let us cite an example: a mixture of two gases. 
in a vessel, whose walls are at different temperatures, spontaneously 
undergoes separation in such a manner that one gas predominates 
at the hot wall and the other at the cold wall. This phenomenon is 
called thermal diffusion. The matter flows in a direction opposite to 
the direction of the concentration gradient since the flow of matter is 
coupled with the flow of heat from the hot to the cold wall. The en-- 
tropy deficiency in one process is compensated for by its excess pro- 
duction in the other. 

We see that the entropy production in an open system makes pos- 
sible the occurrence of processes that cannot take place in isolated 
systems. This is important for the understanding of biological 
systems. 


21* 
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The fluxes J; and the forces X; may be either scalar or vectorial. 
Suppose we have two fluxes—a scalar flux J, and a vector flux J,: 


J, =JLs.X5 + LaXy, Jp = LyX, + LyX, (9.59) 


The coefficient L,, is a scalar; L,, and L,, are vectors; finally, Ly,» 
as the proportionality factor for the two vectors X, and J, isa tensor. 
If the system is isotropic, the force cannot produce a flux which has 
a different tensor dimension—a scalar cause cannot produce a vector 
effect and vice versa (the Curie principle). Hence, in this case, L,, = 
= L,, = 0 and 


J,=L,,X¥, and J, = LyX, 


No coupling between scalar and vector processes can occur in an 
isotropic system. 

Let us prove this statement. A tensor quantity of rank n is changed 
upon orthogonal transformation of the coordinates as follows: 


Li,, ig...ig = » U (it) iy) U (je, in) sand (ins i) Linis...ig 
jrig.--3 


n 


where j, and i, are Cartesian coordinates; U (j,, ix) are the ele- 
ments of the transformation matrix, whose determinant is equal to 
+1. If the system is isotropic, it is invariant with respect to the re- 
flection in the centre (inversion), i.e., with respect to the transfor- 


mation xz’ = —z, y’ = —y, 2’ = —z, which may be written as fol- 
lows: 
—1 0 0 
r= ( 0 —1 Olr=TIr 
0 o-1 


If U =I, the tensor L is transformed according to the law 
L’ = (—1)"L 
But because of the invariance L’ = L and, hence, all the coefficients 
at L with odd n vanish. In our case, for Z,, and L,, we have n = 1. 
It means that these coefficients are equal to zero. 
Because of the isotropic system being invariant with respect to 
rotations, the tensor L,, assumes the form 
100 
L,,»=L,,{0 1 0 
001 


that is, it becomes a scalar. 
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If the system is anisotropic but has a centre of symmetry (any 
crystals built up of symmetric molecules and devoid of screw sym- 
metry), then the invariance with respect to inversion is preserved and, 
as before, L, = L,, = 0. ‘ 


9.4. Coupling of Chemical Reactions 

Coupling of chemical reactions with one another and with 
diffusion is especially important in biology. 

Let us consider a simplest chemical reaction near equilibrium: 


Ry 
AB 
hy 
The kinetic equation of the reaction has the form 
tp 0p Shee hen (9.60) 
The flux, i.e., the reaction velocity, is given by 
J chem =U = —Ca=CB (9.64) 


At equilibrium v = 0, (a)eq = (Ca)eq = 0, ive., 
\ ky (Ca)eq = ky (CB)eq 
The equilibrium constant is given by 


— Ai __ (pea 
a> ky (Cadeq 


Suppose that the system is a nonequilibrium system but is close to 
equilibrium. Then 


Ca = (Caleq + Ha, CB = (CB)eq + OB 


Here the deviations from equilibrium concentrations a, and ag 
are small: 


On < (Ca)eqs 2B < (CB)eq 
It is obvious that 
Cat ca = (Caleq = (cB)eq 
and 
aa +p = 0 
Under such conditions 
Jehem = ky [(Caeq +Q@a))—k, [(cB)eq + a] = 


Hay (ky +h) =hyaxt* (9.62) 
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In this case, the affinity is equal to 
A= a — Up (9.63) 


At equilibrium ("4)eq = (HB)eq and #4 = 0. Linear thermodynamics 
yields [cf. Eq. (9.45)] 


Jonem =v = LA =p baa te (9.64) 


where L is a phenomenological coefficient. Using the expression for 
the chemical potential, Eq. (9.46), we find 


A=ph+ RT In (ca)eq + RT In (4 + —4—)— 


(caleq 


—p$— RT In (cp)eq—RT In (4 ue 


aia ) oS, 


=Ar [In(1+ A )—In (4+ “B )]= 


(Ca)eq (¢B)eq 
Pe aa me ap e QA 1 +K 
we RT [ (ca)eq (cB)eq ] = RT (ca)eg K (9.65) 
and, consequently, 
LR 44K 
J chem = hae ae (9.66) 
Comparing Eq. (9.66) with Eq. (9.62), we find the value of the coef- 
ficient L: 
La Bi lader (9.67) 
. R 
Since | aa | < (Ca)eq and | ap |/(CB)eq = | Ha |/(CB)eg K 1, we get: 
GA (cB)eq _ 
(ca)eq < (cadeq ae 
Thus, 
Qa _ _&%A ~ 
cay <K(1- ah) =x 
or 
aa ‘14K , 
(ca)eq a , 
that is, according to Eq. (9.65), 
A 
Rr < 1 (9.68) 


This is the near-equilibrium condition, which is equivalent to 
&a <(Ca)eq. We shall prove that this condition directly yields 
the linear relation (9.64). Suppose that the reaction velocity is de- 
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fined as follows: 


v= cp =hyca—kyep= yea (1— = )= kyca (1-—-2) 


and the affinity 4 is given by 
K 
From this it follows that 
cB a, A 
BK (— 4) 
However, if the near-equilibrium condition (9.68) is valid, then, 
expanding the exponential into a series and retaining only the lin- 
ear term, we get: 
—tita A _ yp A 
eR oe T 
Near equilibrium cq ~ (Ca)eq- Hence, we again have [see Eq. (9.67)] 


— #1 (Cadea 
L = —R 


Let us now consider the coupling of several reactions. Suppose that 
three reactions are involved in the cycle 


\ 


The fluxes are given by 
J, = kya — k-cp 
J, = kycg — k_.ce (9.69) 
Js => kscc = k_5Cy 
The affinities are equal to 
A,=ba—B, #2=bB— pc 
As=Wo—Par A,t+ 42+ 43=0 


The dissipation function expressed through the independent varia- 
bles and multiplied by 7 is given by 
OT = J\A1 + J2A2 + Sata = (Ji — Js) Ar t+ (Js — Js) As 
(9.70) 


(9.69a) 
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The fluxes J, — J, and J, — J, are independent. We have 
Jy —J3 = LyAy + Lie 
J, —J3 = Ly Ay + Lace 
At equilibrium p§? = pg! = uw, 42 = 457 = 0, Jy —J3 =J,— 
—J;=0, and J, = J, = J; = 0. The fluxes are equal to zero 


according to the principle of detailed balance, which yields an im- 
portant relation for cyclic kinetic processes: 


hykgky = kyk-ok-s (9.72) 


(9.74) 


Near equilibrium 


(9.73) 
J; => k3a¢ al k_3@, 
and 
£ Qa = SB eet, ee = 
A,=RT ( (Ca)eq (¢B)eq ky (Ca)eq eee, (9.74) 
_ 8 oe 0) See ) 
Aa= RT ( (¢B)eq (¢c)eq ke (CB)eq Eee eae 
from which 


k k 
J, = Sales Ar, J,= pa Ax I3= —*altces (44+ 42) 


Hence, 
A ae ee Calea Ths (cc)eq aa ey ks Kobeg As 


Jq— Iya Ae Goea Aa 5 ta lepbea Phe (Calon ota ie?) 


So we find that 
Lu= ky (Calea tts (cc)eq Dee ke (CB)eq the (ec)eq 


and 
Ly2 = Lay = 4a (cea Ecler 


The Onsager theorem L;; = Lj; is automatically fulfilled in the 
neighbourhood of equilibrium. 

Coupling of chemical reactions in an open system makes possible 
the occurrence of endergonic reactions forbidden in closed systems, 
because in these reactions the free energy is increased. We have al- 
ready encountered such processes, in particular those involved in the 
formation of protein chains. The formation of each peptide bond 
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occurs with release of one water molecule. Since the cell contains an 
excess amount of water, the inverse reaction of hydrolysis of peptide 
bonds must prevail. But, as we have seen, the polycondensation is 
coupled to the exergonic reaction of cleavage of ATP (see Chapter 8) 
and the dissipation function is positive on the whole. The coupling 
of endergonic processes to the hydrolysis of ATP is of general im- 
portance in biology. Coupling makes possible for ATP to perform its 
universal role as a source of free energy required for endergonic pro- 
cesses to occur. If cells and organisms were isolated systems, ATP 
would not be able to play this role. 

Thus, nonequilibrium thermodynamics even in its linear approxi- 
mation proves the possibility of occurrence, in open systems, of 
processes forbidden in closed systems. This is of paramount impor- 
tance in biology. 


9.5. Steady States of Linear Systems 

As has already been said (page 20), an open system may be in a 
steady, though nonequilibrium, state. In this state, the entropy 
production inside the system is exactly compensated for by the flow 
of entropy to the outside world, so that the total entropy of the sys- 
tem is not changed (see page 20): 


dS =d;S + 4,8 =0 (9.76) 


Bertalanffy, one of the founders of the thermodynamics of open bio- 
logical systems, termed such a stationary state the state of flow 
equilibrium. It differs from true equilibrium by many specific fea- 
tures. 

The stationary state of an open system is achieved if the system 
is subject to constraints that fix the constant values of a certain set 
of generalized forces, but the other generalized forces may vary. If X,, 
X., ..., Xj are constant and Xj4;, Xj4o, ..., Xn freely change, 
then 


J,;=Ofori>j and J;~0 fori<j 


The entropy of such a system does not attain a maximum and the 
dissipation function o is different from zero. Suppose that the sys- 
tem exchanges matter and energy with the environment but its mass 
remains unchanged. There is a flux of heat J; in the system and the 
flux of matter J,, = 0. Hence, 


o=J7X74+JyuXmu (9.77) 
and 


Jr ae LyX yr + [,.Xm #0 (9.78) 
Iu = LyX7 + La.Xmu = 9 
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Assuming the force X, (say, a temperature difference) to be fixed, 
we have: 


O= Ly Xt (Ly + La) XpXu+ LX mu (9.79) 
Differentiating this expression with respect to Xy at X7 = const 
yields: 


0 
iw = 2L92X ut (L42+ Los) Xr 


If the system is close to equilibrium and the Onsager theorem is 
fulfilled, then Z,, = Z,, and 


00 


OX mu = 2 (LyX 7 + Lo9X yy) = 2d y = 0 (9.80) 
The second derivative 
o2 


Thus, in the stationary state close to equilibrium the entropy pro- 
duction o is a minimum. This is the Prigogine theorem. It is directly 
associated with Onsager’s theorem and is valid only within the limits 
of applicability of linear thermodynamics, i.e., when the coeffi- 
cients L;; are independent of X;. 

If X 7 can also be changed in an arbitrary way, then Jp = Jy = 
= 0, o = 0 and the system reaches equilibrium. 

Let us consider an open chemical system. Substance A is intro- 
duced into it from the outside world and undergoes a series of conse- 
cutive conversions inside the system, and the final product F leaves 
the system: 


1 2 
—>A—>B>C >... >F> 
The kinetic equations are as follows: 


dna dexMa dng dny _ dexnp 


at => dt V4, at =U,—U2, sey dt at +0, (9.81) 


where the derivatives with the subscript “ex” characterize the ex- 
change with the environment. 
In the stationary state the content of all the reactants is constant 
in a flow-through system: 
n,=0 (i=A,B,... F) 
Hence, all the reaction velocities are equilibrated: 


dexna dexnF 
ESS SS (9.82) 
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This may be illustrated by a spectacular model. The progress of a 
chemical reaction may be visualized as the flow of a liquid. If the 
system is a closed one, i.e., if the liquid neither flows into nor emerges 
from the vessels, then the entire liquid vill flow at a velocity de- 
termined by the tap aperture from the upper vessel to the lower one 


Fig. 9.1. The model of a closed 
system. \ 


Fig. 9.2. The model of an open i 
system. | 


and a state of equilibrium will set in (Fig. 9.1). The level of the liquid 
in the lower vessel will represent the extent of reaction in such astate. 

If the system is an open, flow-through system, a certain level of 
the liquid will be set up in the upper and in the lower vessel which 
will not correspond to equilibrium (Fig. 9.2). This level will depend 
on the steady-state flow rate, i.e., on the extent to which the tap is 
opened. We see that the tap models the catalyst. In a closed system 
the final extent of reaction does not depend on its rate—on the extent 
to which the tap is opened; there will eventually be set up a constant 
level of the liquid in the lower vessel. In an open system, not only 
the rate but the extent of reaction as well depends on the catalyst. 
When the extent of opening of the tap is changed, new liquid levels, 
a new steady state will be attained. 

Let us prove that the condition of constant reaction rates is equi- 
valent to minimum entropy production. For our system we have 


To= Ay 4 DS Ai + Ay SE (9.83) 


i=1 
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where 
(2) 


Axs=pL—pP, Ar= pe? — pF 
where the superscripts 1 and 2 refer to the system and the environ- 
ment, respectively. In the stationary state 

To=(4a+ 3) A:—As) v= Av>0 (9.84) 
1 


where .4 corresponds to the overall process A‘) — F®). On the other 
hand, in the linear range, 


r+2 r+2 


The minimum in Eq. (9.85) is determined at a given value of tota 
affinity 4 with the aid of the Lagrange multiplier A. We differen- 
tiate the function 


A; Aj 
O= py De Fie ie an 
ij 
with respect to 4;/T and set the derivative to zero. We thus obtain 


oo 
Tey =? Das Be —24=0 


A; 
T 


The reaction velocity 
= L,jA;/T =h=const 


Hence, the sought-for equivalency is proved. 

It has already been pointed out that for the steady state to be at- 
tained, it is necessary that two time scales be available. The state 
of the biosphere is approximately stationary during the time much 
shorter than the time of cooling of the Sun. Steady-state fluxes of 
matter and energy (homeostasis or, exactly, homeorhesis according to 
Waddington) are maintained in the organism during the time period 
much shorter than the time elapsed from birth to death. 

Let us now determine the stability conditions for the stationary 
state. The Prigogine theorem of minimum entropy production gives 
a criterion of evolution, showing that the system necessarily passes 
over to a steady nonequilibrium state from any state close to it. 

Without loss of generality we shall consider two coupled chemical 
reactions. The dissipation function is positive: 


Gin = Ly (SE 1) 4 hy Ay (2)’>0 (9.86) 
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We calculate Sins ae the coefficients to be constant: 


F8m = (Ly “7p tL es ) sy ag (Es a + be T )x 
d(.A,/T d(A,IT) a (A/T) 
s (A, Le (al Lay. aa ) (9.87) 


In a closed system .4, and 4, depend on the reaction coordinates & 
and &, and also on pressure and temperature, which are assumed here 
to be constant. We have 


; 0 , O, 
5 on = (Se vy + 3ge v2) + (Set t+ <2 v,) (9.88) 


We have seen that the affinity 4 is the derivative of the free energy 
of the system with respect to the coordinate of the corresponding 
reaction taken with a_minus sign, i.e., the equality (9.50) is valid: 


0G 
lege. 
Thus, 04,/d&, = 04,/0§, and we have 


45, at (St 
3 Vin 7 (gate 


The quantity ojn is negative, since the values of 4; decrease with in- 
creasing &;: at equilibrium 4; = 0. 

In a closed system the entropy production can only decrease with 
time. In an open system there is an exchange of matter with the en- 
vironment, and the overall entropy change is described by the fol- 
lowing expression: 


fiers As 1 OA, GAs dexny 
oa zont HD (oe + vn Ge ) (9.90) 
Vv 


phcg Set: oe # 2yi)<0 (9.89) 


Here the first term is always positive and the sign of the second de- 
pends on the concrete situation. The inner irreversible processes in- 
variably lower the rate of entropy production. From the inequality 


Sin < 0 it follows that if the systemfhas reached a state with a mini- 
mum of entropy production, it cannot leave it spontaneously. 

The differential of the dissipation function may be written in the 
following form: 


do = do +-dxyo = 2 X,dJ, +>) J, dX; (9.91) 
In the linear range, by virtue of Onsager’s theorem, dyo = dso = 


= 1/,do, i.e., dyo is the exact differential (it is precisely this diffe- 
rential that appears in Eq. (9.88), in which the fluxes v; are assumed 


334 Chapter 9. Nonequilibrium Thermodynamics in Biology 


to be constant). Hence, 


In the stationary state Sin <0, i.e., dyo < 0, do < 0. Accordingly, 
the variation condition of stability consists in that 

60 = 26x0 > 0 (9.92) 
The sign of the variation is opposite to the sign of the differential— 
a fluctuation can only give rise to excess entropy production. Let us 
assume that Jy, =O in the 
stationary state (see page 329). 
At fluctuations 6X.y we have 
Ju => Lum5X mu, where Lum > 
> 0 and 

6x0 = Ju5X mu => 
= Lym (6Xm)’ >0 


For a chemical reaction this con- 
dition has the form 


TSx0 = 3) v5A;>0 


7 
In the stationary state 


Tdxo= >) vi'd A; =0 


behaviour “of a steady-state Linear if all .#;’s are independent. 
system. This can always be attained 
through obtaining appropriate 
linear combinations of reaction 
velocities and affinities. Hence, we may put the steady-state 


values of v3' equal to zero. It means that 


U5= v3 + 60; = bv; 


and the stability condition for the stationary state will have the 
following form: 


Tdxo6 = >)6v, 64;>0 (9.93) 


As we have already seen [see, for example, Eq. (9.79)], the quantity 
o is expressed by a quadratic function of X. This is depicted sche- 
matically in Fig. 9.3 for the case of two forces, X, and X,. If at 
X, = const the force X, can change, the point representing the quan- 
tity o will move along the parabola obtained upon intersection of the 
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surface o (X,, X,) with the X, = const plane until it attains a min- 
imum of o. If there are no constraints, the quantity o will move 
across the surface until it reaches the equilibrium ‘point o = 0. 
The return of the deviated linear system, to a stationary state close 
to equilibrium occurs in an exponential manner, without oscillations: 


dE =£ (t) —E* = (E (0) —E") exp (— t/t) (9.94) 
where &%¢ is the steady-state value of the reaction coordinate and t 
is the relaxation time. 


9.6. Coupling of Chemical Reactions fo Transport of Matter 

The organism and the cell are chemical machines that operate as 
a result of chemical reactions and transport of matter between the 
cell and the surrounding medium and also inside the cell. This tran- 
sport occurs in a certain definite direction perpendicular to the cel- 
lular and intracellular membranes. The flux of matter is a vector. 
At the same time, the rate of a chemical reaction is a scalar. As has 
been pointed out (page 324), the direct coupling of scalar and vector 
processes is impossible in an isotropic system by virtue of the Curie 
principle. Nor is it possible in anisotropic systems having a centre 
of symmetry. Biological systems, in which chemical reactions are 
coupled to diffusion (namely membranes) are, however, made up 
of chiral molecules which have neither a plane nor a centre of sym- 
metry (Sec. 2.7). Biological membranes are anisotropic. In such sys- 
tems, direct coupling is, in principle, possible; the vectorial coef- 
ficients L,, = L,, may be different from zero. No theory of direct 
coupling between chemical reactions and diffusion in membranes has 
been worked out so far. One can visualize, for example, the tran- 
sport of some reaction participants along the screw channel in the 
membrane in which the centres are located. Then, the course of the 
reaction will be different for substances supplied from the opposite 
ends of the channel. The same result is obtained by considering a 
symmetrical channel in which asymmetric (i.e., chiral) reaction cen- 
tres are regularly arranged. There is, however, no ground so far for 
stating that these effects are considerable. 

The interplay between chemical reactions and the transport of 
matter can also take place by way of indirect coupling which arises 
due to the steady-state condition. In the stationary state, the irre- 
versible processes that are not directly coupled become interlinked. 
Let us return to the example considered on page 330. Along with 
substances that participate in the reaction 

—>aAa—_ —_F—- 


eco 


we shall introduce into the system an inert substance Q which will 
not take part in the reaction. If the transport of this substance is, 
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however, coupled to the transport of A, then 


d, 
TA = Ly AatLyAg 


d, 
T et = LyAat+LoAq 
ducig (9.95) 
T rr = LyAr 
Tv = LenemAchem 


The last equation refers to the overall chemical reaction A —F. 
From the steady-state conditions it follows that 


dna _ dexna fi dnp __ _NexnF +v=0 
wee ? == ee ? 


dt dt at dt 
dng = dexng =0 
dt dt 
We obtain 
_ Tv aly = TvLyq/Lag 
ais Ly—Lie/Loe * i a Ly’ AQ= Ly, — L34/Loe Go) 


The affinity 49 of the inert component is different from zero and 
proportional to the rate of the chemical reaction in which substance 
Q does not participate. This reaction gives rise to a difference in 
concentrations of substance Q inside and outside the system: 


cQ’/c@? = K exp (— AQ/RT) (9.97) 


This provides an indirect coupling of the transport of substance Q 
to the chemical reaction. 

Let us consider indirect coupling in the general form (Katchalsky 
and Oster). We shall write the dissipation function for a system 
in which a transport (the generalized force is the chemical potential 
gradient) and a chemical reaction take place: 


To= 3) JiV(—w)—¥ p Vibe (9.98) 
The continuity condition for the ith component is 


The steady-state condition, i.e., the constancy of the concentration 


c;, is c; = 0, i.e., 
VJ; = Vy (9.100) 


Substituting Eq. (9.100) into Eq. (9.98), we find that 
To=—V SI: (9.101) 
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We integrate o for a one-dimensional flow along the zx axis from 
x = 0 to x =a. The total dissipation per unit surface area is equal 
to 


Srota = | ode— > DY [Fs (0) He (0) Je (a) wu (@)] (9.402) 
0 i 


An analogous integration of VJ; yields [cf. Eq. (9.100)]: / 
| 2 de=J,(a)—J, (0) =¥; j vdx=v,Jtet#l (9,403) 
0 0 

From the two last equations it follows that 


TOtotai= pa J; (0) [ws (0) — wi (@)) + J them > > [—vip,(a)] (9.104) 


or 


TOtota = 2 J; (a) [ps (0) — ws (@)] + J chem 2 [—vipi (0)] (9.104a) 


The sums in the last terms on the right-hand sides of these expres- 
sions represent the values of reaction affinities at the membrane bound- 
aries x = 0 and x = a for the components that penetrate into the 
membrane. Passing to the phenomenological equations, we write: 


J, (= 2 Ly; (0) Apy+ Ly, chem (0) & (a) 


(9.105) 
Jae = = 3 cchem, i (0) Ap; + Lechem (0) A (a (a ) 


or 


J,(@)= pa D3 (a) Apy+ L;, chem (4) & (0) 


(9.105a) 
JEG) = y Lenem, 1 (a) Au; + Lchem (2) # (0) 


The macroscopic, i.e., integrated, expressions now contain off-dia- 
gonal coefficients Li chem (0) and Li chem (2). But are they symmetric? 
The local, unintegrated expressions do not contain off-diagonal 
coefficients for chemical reactions and diffusion, since the system 
is isotropic and the Curie principle is valid. To put it differently, 


J,= py lyV(—Hy), V=lenemAé (9.106) 


where l’s are local phenomenological coefficients. The same refers to 
the inverse expressions: 


V(—py) =i, A=TchemY = lchemv (9.107) 
1 


22—0279 
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Let us find the relation between the local and macroscopic coef- 
ficients. Applying the operator V to the first equation in (9.107), 
we obtain 


V? (— pi) = x ryjVJ 3 
Substituting the steady-state condition (9.100), we find that 
V2 (— pi) = (> viriy) v= (Jehem > vis) A 


We multiply both sides of this equation by v; and carry out the sum- 
mation over i. Since £4 = — vita, we obtain 
i 


p2 WN2(= i) =VA= (leiets 2, viVjT1y) A (9.108) 


We have obtained a differential equation for 4. The coefficient at 
A has the dimensions of cm~*. We designate it by 4~? (A is the rela- 
xation length). We have 


VVAA=A (9.108a) 
The solution of this equation has the form 
A()= A (a) sinh aa [(a—z)/h]} (9.109) 


In order to pass over to macroscopic expressions, we have to integrate 
the local relations. Integration of Eq. (9.100) from 0 to x gives 


x x 
d 
j SF d= J, (2) — J, (0) =vilenem j Ad (9.110) 
0 0 
Substituting Eq. (9.109) and integrating, we arrive at the following 
expression: 
ial ch 

Js (2) =I; (0) + So army o# (0) (cosh (x/A) — 1) — 

— A (0) (cosh [(a—z)/A] —cosh (a/A))} (9.141) 
On the other hand, according to Eq. (9.106), the left-hand side of 
this expression is equal to 


J; (= 1.jV (— By) 


We substitute this expression into Eq. (9.111) and integrate from 0 
to a. Since 


 d 
— | SF ar—p, Op @=Ap, 
0 
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and 
A (a)—A (0) = a vi; (a) + 2: vip; (0) = 2 v; Ap; 
then, through integration, we obtain ° 
J, (0)-a = py [1;;-+v;vjAl chem (a coth (a/A) — A)] Any — 
— [v,;Alchema tanh (a/2A)] 4 (a) (9.112) 
We divide expression (9.112) by @ and obtain macroscopic pheno- 
menological expressions. We introduce the notation 
Menem [coth (a/A) — A/a] = a, Alonem tanh (a/2A) = B 
Finally we find that 
J, O)= 2 (1, ;/a + v,vja) Ay — vB (a) (9.113) 
which expression coincides with Eq. (9.105), with 
Li; (0) = Lijla + vinja, Lichem (0) = —vih 


Calculation of Jtft®) gives 
a a 


TRE = | Tonem de =lenem | A dt = Alene [A (a) + 
0 0 


+ A (0)] tanh (a/2A) = — >\ v,PAp;+2B4 (a) (9.114) 


Comparing Eq. (9.114) with the second equation in (9.105), we find: 
cchem,i (0) = —viB, Lehem (0) = 2p (9.115) 


Thus, the macroscopic coefficients, which characterize the indirect 
coupling of diffusion fluxes to a chemical reaction, are expressed 
through microscopic coefficients. The Onsager reciprocity relations 
remain to be valid. That the macroscopic coefficients of coupling 
are different from zero is determined in an isotropic system by the 
stationary state conditions. 

As we shall see later, indirect coupling plays an important role 
in the theory of membrane transport (see Chapters 10 and 413). In 
Chapter 10 we shall discuss indirect coupling for the so-called facili- 
tated transport which involves molecules of carriers. 


9.7. Far-from-Equilibrium Processes 

Living systems are characterized by a high structural order and 
ordered behaviour in space and time. We have already pointed out 
the seeming contradiction between the increasing complexity of the 


zoe 
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system in the course of its biological development and the second 
law of thermodynamics (page 14). This contradiction is easily re- 
moved: a living system is an open system whose entropy may increase 
or fall off. Usually, one speaks of the “anti-entropy nature” of life. 
However, these words can in no way explain the specific features of 
the space-time order of an open system, and the meaning of the “anti- 
entropy” concept remains to be obscure. 

' In nature we encounter two types of order—static order and dynam- 
ic order. In the first case, order is attained under thermodynamic 
equilibrium conditions when the temperature is sufficiently decreased, 
say, upon crystallization of a liquid. Static order arises as a re- 
sult of a phase transition, which occurs under equilibrium condi- 
tions. This kind of order is not practically found in biology—the 
Schrédinger aperiodic crystal (page 14) is fundamentally different 
from an equilibrium periodic crystal. The dynamic order of a living 
system is realized not because the entropy is diminished due to a 
decrease in temperature; it occurs because there is an outflow of en- 
tropy from the open system into the surroundings. The appearance 
of a space-time structure is in this case too of the nature of a phase 
transition, but a nonequilibrium one this time. Investigations of 
dynamic order, which are of prime importance in physics and bio- 
logy, have been started relatively recently. A number of model non- 
biological systems (in particular, chemical systems) are known at 
present, in which there is observed a dynamic order. They will be 
described in Chapter 16. Here we shall cite an example of dynamic 
order, which manifests itself in laser radiation. The atoms of laser 
are excited by an external agency—by means of optical pumping. 
Each atom acts like an antenna, radiating a light pulse of the order 
of 3 m length, the radiation taking only 10-® s. The emission of light 
by each atom occurs independently of the other atom. However, at 
a certain level of pumping there occurs a sharp transition to coherent 
radiation of very long light pulses (up to 300,000 km!) with a sharply 
enhanced intensity. The laser is itself an open system which is far 
from equilibrium and in which there arises a dynamic order—the 
self-organization of coherent emitters. 

As we shall see further, dynamic order, the appearance of dynam- 
ic structures and their ordered behaviour in time are possible 
only when the system is far from equilibrium. Linear nonequilibrium 
thermodynamics. briefly described in this chapter, is valid only in 
some neighbourhood of equilibrium. Its basic propositions are ex- 
pressed by relations (9.51) and (9.80). The first relation describes the 
coupling of various kinetic processes due to the difference of the off- 
diagonal coefficients L,; (i  j) from zero and the second is a mathe- 
matical expression of the Prigogine theorem of minimum entropy 
production in the stationary state. There is no doubt that coupled 
processes do occur in an open biological system. Therefore, the gen- 
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eral phenomenological theory worked out by Onsager and Prigogine 
allows one to account for important biological phenomena. The ques- 
tion of the applicability of the Prigogine theorem of minimum 
entropy production to biological systems isemore complicated. As we 
have seen, the entropy production o is minimum only in those sta- 
tionary states of biological systems which are close to equilibrium. 
Such systems are described by linear relations (9.51). But in physics 
the linear dependence of the system’s response on the factor respon- 
sible for this response is always only the first approximation, which 
holds for small influences. In our case, the “smallness” implies a 
small distance from equilibrium. In order to deal with biological 
systems and with their dynamic order, it is necessary to go beyond 
the range of linear thermodynamics. 

Let us consider far-from-equilibrium systems. Three situations 
are encountered. First, the assumption of local equilibrium may be 
invalid, i.e., the Onsager relations L;; = L;; are not fulfilled. Sec- 
ond, local equilibrium may be preserved, but the properties of the 
system are continuously changed with increasing distance from equi- 
librium. In such a case, the system retains some of the properties of 
linear systems, in particular the theorem of minimum entropy pro- 
duction in the stationary state remains to be valid. And, finally, 
in the third case, there appears a dynamic order: new types of orga- 
nization of the substance in space and time which are displayed only 
by open far-from-equilibrium systems, which are called dissipative 
structures. 

It is obvious that the appearance of dynamic order depends on the 
instabilities of the equilibrium and stationary states of the system. 
Let us consider the corresponding stability criteria. 

If there is no entropy production in the system, then d;S = 0 and 
in a special case of the evolution of heat dQ 


dS = d,S — dQ/T 
where d,S is the entropy flow. If d,S > 0, then 
d,S = dS — dQ/T >0 
Substituting into this expression the law of conservation of energy 


in the form 
dQ = dE + pdV 


where £ is the energy of the system, we obtain the expression of the 
second law of thermodynamics: 

Td,;S = T dS — dE — pdV>0 (9.116) 
The stability condition for the equilibrium state has the form (at 
constant p and 7): 


8E + pdV — T&S >0 (9.447) 
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At constant S and V the variations 56£ > 0, i-e., the energy is at a 
minimum for stable equilibrium. At equilibrium (5£).q¢ = 0 and 
(5*E)eq > 0. On the contrary, for systems with constant E and V 
we have 


65S <0, (8S)eq = 0, (87S)eq <0 (9.118) 


that is, the entropy is maximum in the equilibrium state. In ap- 
plication to chemical reactions this means that 


(36), 0" <0 


dg 

since 

g 

AS = \ odt= \#va- \ ag 

beq 

Hence, the condition 
OA 
( og \uee 0 


follows from Eq. (9.118). The general stability criterion for a set of 
chemical reactions may be represented in the form 


D (3), 58: 88 <0 (9.119) 
i,j 


This thermodynamic condition is equivalent to the kinetic condi- 
tion. At t —> oo the variation 56§ —0. Near equilibrium the fluctua- 
tions 6€ satisfy the linear equations 


d (6&; 
25) S) a; ;58 (9.120) 
ij 


with the solutions 
58; = (6§;)+=0 exp (A2) 
Here all the eigenvalues A, which are the roots of the equation 
|| a;; —A6;; || =0 
are real and negative, A < 0, i.e., the fluctuations are monotonically 


damped (cf. page 335). 
Near equilibrium, the affinity is expressed by the formula 


Aix > (“ea ob) 


since (4)eq = 0. The dissipation function is equal to 
\ Ai __ ai Ai d(8Ei) Ai 

o= ie = Lae Lae 0 

i 


i i 
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Substituting into this expression the values of 4; and 6§;, we obtain 
for each value of A: 


: ~ (Ee 8; Sa 


which coincides with Eq. (9.119), since 4 < 0. 

The stability condition for a nonequilibrium but stationary near- 
equilibrium state has already been considered above. For chemical 
reactions it has the form of Eq. (9.93): 


> bv; 54;>0 


Consider the chemical reaction 

X+Y—>C+D 
The reactants and their concentrations are designated by the same 
symbols. We have 
XY 
cD’ 
The fluctuation in the concentration X near the stationary state leads 
to an excess entropy production, which is proportional to 


6v 564 oc 4 (8X)? > 0 


A oln vaxy 


The stability condition is satisfied. 
We shall now deal with an autocatalytic reaction which proceeds 
with an increase in concentration of the reactant: 


X+Y —> 2x 
As before, v x« XY, but 
XY Y 
A oln x2 =In= 


and 
by 8.4 x — 4 (8X)?<0 


The stability condition is not fulfilled. But it remains valid near 
equilibrium. In order to find the equilibrium condition, one has to 
take into account the reverse reaction 
hy 
X+Yz7 2X 
hy 
Then we have 


v= kXY —k.X?, 80 =k, Y8X — 2k_,.X6X 
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At equilibrium k,Y = k_,X and we obtain 
6v = —k_,X6X and 6v64 « (6X)? >0 


Thus, far from equilibrium there can really arise unstable states 
of the dissipative system. The appearance of an instability in a cer- 
tain initial state implies the transition of the system to a new regime, 
under which the system behaves in a different manner. Let us assume 
that there is a nonlinear system of chemical reactions, in the course 
of which the reactants A are converted to the final products F. The 


Req Re R 


Fig.9.4. The dependence of the steady- Fig. 9.5. The Bénard structures. 
state concentration of the interme- 
diate compound on the parameter R. 


system may be characterized by a certain parameter R, which de- 
pends on the overall affinity, i.e., on the ratio of the concentrations 
A and F, and on the equilibrium constant. Figure 9.4 presents the 
steady-state concentration of the intermediate compound as a func- 
tion of R. At small deviations from equilibrium | R — Req | the 
system moves smoothly along the thermodynamic (static) branch AB 
in Fig. 9.4. All the stationary states on this branch are stable and 
conform to the theorem of minimum entropy production. However, 
at a sufficiently large distance from equilibrium, at a certain thresh- 
old value R,, the excess entropy production equal to 


bx0 = > bv; 64; 
i 


may become negative. At this value of R, there appears an instabil- 
ity, and the system moves to a new kinetic (dynamic) branch CD, 
on which the states are again stable. The regions of unstable states 
in Fig. 9.4 are shown by the lines EC and BF. On the kinetic branch 
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there may arise an organization of the system in time (say, un- 
damped oscillations), an organization in space, and new multiple sta- 
tionary states. 

When the threshold R, is attained, a transition of the type of a 
phase transition occurs as a result of the fluctuations being amplified 
up to a macroscopic level. A new regime and a new structure become: 
stable. This effect is of course compatible with the boundary condi- 
tions imposed upon the system. Such is exactly the behaviour of the: 
laser. A further example is the Bénard instability. A horizontal layer 
of a liquid heated from below passes, at a critical temperature gra- 
dient, to a state of internal convection, as a result of which ordered 
cooperative structures are formed (Fig. 9.5). This effect is directly 
associated with the nonlinearity of hydrodynamic equations. In a 
similar way, nonlinear autocatalytic chemical processes lead. in 
a region located beyond the thermodynamic threshold, to the forma- 
tion of space-time dissipative structures (Chapter 16). The order 
in an equilibrium system appears in accordance with the condition of 
minimum free energy, and in a dissipative system it arises due to 
the increase of fluctuations up to a macroscopic level. The field of 
physics that deals with dissipative systems and with ordering is 
called synergetics. In this field we go beyond the area of thermody- 
namics and have to make recourse to concrete kinetic models (see 
Chapters 15-17). As we shall see, these models also prove to be effec- 
tive in the study of biological development— phylogenesis and onto- 
genesis (Chapter 17). 

Reference to dissipative systems is directly associated with the 
extension of information theory. It becomes necessary to study not 
only the amount of information, its transmission and recording but 
also the reception of information, which is possible only outside equi- 
librium, in the presence of instability. It is exactly on this path that 
the concept of the “anti-entropy nature” of life becomes physically 
meaningful (Chapter 17). 

Katchalsky and his coworkers have developed a new method of 
deducing kinetic equations and of their analysis—the network ther- 
modynamics. It is a phenomenological theory based on the analogy of 
the relationship between an electric circuit and an arbitrary dynam- 
ical system, be it mechanical, thermodynamical or chemical. The 
algorithm makes use of the theory of graphs. The thermodynamics 
of networks allows one to study nonlinear systems with feedforward 
and feedback connections consisting of discrete elements. 


Chapter 10 Physics of Membranes 


10.1. Cell Membranes 

Noncellular forms of life do not exist on the earth. Viruses and 
bacteriophages cannot be regarded as independent self-sufficient 
living systems—of all the functions of the living cell they possess 
only the ability to transmit the genetic program. Conversely, the 
basic characteristics of life are inherent both in unicellular organisms 
and in the overwhelming majority of types of specialized cells of 
multicellular organisms. The structure and behaviour of individual 
cells are so complex that it proves possible to formulate the problems 
of behaviour at the cell level, the problems of cytoethology (Alek- 
sandrov, 1970). 

The building of ultramolecular (supermolecular) biology starts 
with the study of the living cell. The biophysics of the cell attempts 
to treat the cell through the use of experimental and theoretical mo- 
dels that are amenable to physical approaches. 

The most important physical and physico-chemical functions of 
the cell consist of chemical metabolism and biosynthesis, in bio- 
energetic processes of storage of energy and its transformation during 
electro- and mechanochemical processes and regulated transport of 
molecules and ions. As we have seen (see Sec. 2.6), the storage of 
energy predominantly occurs in the form of ATP—the chemical 
energy of ATP is transformed into the chemical, electrical, osmotic, 
and mechanical work. The biosynthetic and bioenergetic functions 
are inextricably interlinked; they are realized only in an open non- 
equilibrium system. Accordingly, these functions are coupled to the 
transport of matter from the surrounding medium into the cell and 
vice versa. 

The combination of the transport of matter with the preservation 
and independence of the inner cell structure is accomplished by 
the only possible way—for its functions to be realized the cell as 
a whole is isolated from its environment by a semipermeable parti- 
tion. Each cell is surrounded by a plasma membrane. The appearance 
of a cell membrane was evidently an important stage in the origin 
of life—the compartmentation, the isolation of the intact space 
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from the outside world, determined the decisive acceleration of the 
prebiological and biological evolution (see Chapter 17). 

On the other hand, delicate regulation of intracellular processes 
is accomplished on the basis of the spatial separation of cell organ- 
elles. The intracellular membranes serve as compartments for the 
internal content of the cell. 

Biological membranes are supermolecular systems whose extent 
in two dimensions considerably exceeds their thickness, which is 
of the order of 10 nm. All the mechanisms responsible for the biolog- 
ical functionality of the membrane are, however, localized just 
in its thickness. 

The membranes are not passive, semipermeable shells; they take 
a direct and very important part in all the functions of the cell. Bio- 
logical membranes provide an active transport of matter moving 
against the opposing chemical or electrochemical potential gradient. 
The membranes serve as the site of the main bioenergetic processes— 
oxidative phosphorylation and photosynthesis. ATP is synthesized in 
mitochondrial membranes and in the thylakoid membranes of the chlo- 
roplasts of green plants. There is every ground for believing that 
there is a connection between the ribosomes, on which protein syn- 
thesis takes place, and the membrane system of the endoplasmic 
reticulum (EP). The replication of DNA and chromosomes pre- 
sumably involves membranes. 

The most important bioenergetic processes include bioelectric 
phenomena—the generation of biopotentials. The propagation of 
the nervous impulse is a membrane process. Reception, whether 
by touch, smell. taste, hearing, or vision, occurs with the invariable 
participation of membranes. 

From what has just been said it follows that the physics of mem- 
branes is one of the central areas of biophysics. Membrane physics 
and biology are of fundamental significance to theoretical science 
and to its applications in medicine and pharmacology. 

Below is given a list of the basic problems of the physics of mem- 
branes. 

1. The membrane structure and the dynamical properties of the 
membrane structure, which determine its functionality (Sections 10.2 
and 10.3). 

2. The passive and active membrane transport (Sections 10.4, 
10.5, and 10.6). 

3. The properties of excitable membranes (Chapters 11 and 12). 

4. The membrane bioenergetics (Chapters 12, 13, and 14). 

5. The physics of reception processes (Sections 11.7, 12.6, and 14.6). 

In concluding this section, we give a table which lists the most 
important events occurring in biological membranes of various types. 
The quantum fw indicates the phenomena associated with light 
quanta; the quantity Ay represents the change of the electrical po- 


348 Chapter 10. Physics of Membranes 


tential; i denotes the appearance of an electric (ionic) current; e 
represents the transport of electrons; ATP (++) is the synthesis of 
ATP; ATP (—) is the degradation of ATP. 


Table 10.14. The Events Taking Place in Membranes (after Witt) 


Photosynthesis fw Ap i e ATP (-+) and (—) 
Respiration — Ap ie rors te and (—) 
Vision ho Ap i — ATP(— 
Nerves _— Ap i — ATP(—) 
Muscles — Ap i— ATP(—) 


10.2. The Structure of Membranes 

A biological membrane is a dynamical organized system; it is 
necessary to study both its structure and the dynamics of its be- 
haviour. 

Biological membranes consist mainly of lipids and proteins. The 
cells of the mammals also contain small amounts of carbohydrates 
associated with proteins (glycoproteins) or with lipids. The inner 
membranes largely contain phospholipids, and the plasma mem- 
branes contain also neutral lipids. For example, in the membranes 
of erythrocytes 30 percent of lipids is present in the form of cholesterol. 

The extraction of individual components from membranes is 
effected with the aid of detergents (say, sodium dodecylsulphate), 
which solubilize insoluble substances, and through the separation 
of the proteins produced by means of electrophoresis in the polyacryl- 
amide gel. 

In most cases, membranes are heterogeneous. They contain whole 
families of phospholipids and lipids. For example, the membranes 
of human erythrocytes contain no less than 20 types of lecithin. 
Lipids are built up of a polar “head” and two long nonpolar hydro- 
carbon “tails”, which possess hydrophobic properties. 

The proteins of membranes are also varied. About one-third of 
the proteins of the erythrocyte membrane is spectrin composed of 
two components with molecular weights 255,000 and 220,000. The 
second are a series of proteins with molecular weights of about 90,000, 
and the third are proteins with a molecular weight of 9000-15,000. 
Membranes of simpler composition also exist—the inner membranes 
of the rods of retina contain only one protein, rhodopsin (see Sec. 14.7). 

As far back as 1935 Danielli and Davson propo a\theoretical 
model of the composition of biological membranes—the wnit mem- 
brane. The unit membrane is considered to be a bilayer of mixed 
polar lipids, with their hydrophobic tails extending inward and their 
hydrophilic heads exposed on the surface where they are bound to 
the outer monomolecular protein layers (Fig. 10.1). 
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The main source of information about the cell structure and 
cell membranes is electron microscopy. To obtain electron micro- 
graphs, the specimens are stained with OsO,, KMn0O,, etc. The 
chemistry of the processes involved has not been studied in detail; 
it is also unclear what happens upon extraction of membranes and 
preparation of specimens. Artifacts are not excluded. Nonetheless, 
the main idea of the organization of the unit membrane—the bi- 
layer arrangement of lipids—is correct. This is also proved by X-ray 
data. As regards their protein 
coat, the arrangement of proteins 
differs from that suggested in the protein cea ania 


symmetrical unit membrane mod- PUY OVUVVUVUVY 


el, according to which the o 
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membrane proteins have hydro- Bs da a 
bound to the polar end of the —HHUHUE 


philic surfaces, which become / 
lipids. Isolated membrane pro- : 
teins and membranes have also 

been studied by indirect methe §§46666466666666666 


ods—by the action of proteo- 

lytic enzymes on them and by Protein Internal side 
incorporation of various labels Fi fA As tthe MgasisBieRa RIGA 
. . ig. ode or 
en is eee ae ee cal membrane. The circles are the 
thas been found that the mem- polar heads of lipids and the rectan- 
brane proteins can be sub- gles are the nonpolar fatty-acid tails. 
divided into two classes. Some of 

the proteins are bound only to 

the membrane surfaces; like globular proteins, which function in an 
aqueous environment, they have a hydrophilic surface. The proteins 
of the second class are capable of penetrating the membrane and 
interacting with the hydrophobic tails of the lipids. These proteins 
are insoluble in water, their surfaces being hydrophobic. The investi- 
gations of the membranes carried out by means of infrared spectro- 
scopy, spectropolarimetry, NMR, etc. point to the diversity of 
protein structures and to interprotein interactions, which are not 
taken into account in the unit membrane model. It has been estab- 
lished that the proteins are arranged asymmetrically in the memb- 
ranes (Bergelson, 1970). 

Important results have been obtained by the freeze-etching method 
in which the membranes are rapidly frozen at the liquid-nitrogen 
temperature and “fractured” with a cold, chisel-like tool in a vacuum. 
The ice sublimates and the specimen is “shadowed”, replicated with 
platinum and carbon and examined under an electron micro- 
scope. 

It has been found that the cleaved surface passes along the internal 
hydrophobic portion of the red cell membrane. Globular particles 
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with a diameter of up to 7.5 nm are found to exist in the membranes. 
These particles are proteins. 

There are several modifications of the unit membrane model. 
At present, the model that is thought to be closer to the truth is 
the fluid mosaic model of the cell membrane shown in Fig. 10.2. 
This model too has a bilayer of lipids. As a matter of fact, artificial 
lipid membranes with a bilayer structure are found to be similar 
to biological membranes in many respects. Artificial membranes are 
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Proteins 


Fig. 10.2. A present-day schematic representation of the structure of the cell 
membrane: (a) through (f) are different protein molecules, 


produced when a mixture of phospholipids and neutral lipids dis- 
solved in organic solvents is allowed to contact with water. In this 
way, “black” membranes can be produced, i.e., thin layers 10 nm 
thick which are devoid of interference colours. It has been found 
that these membranes have the bilayer structure indicated. 
Table 10.2 compares the properties of artificial bilayer lipid mem- 
branes with those of biological membranes. 

Artificial membranes display no metabolic activity and are not 
so highly selective as are biological membranes. But they simulate 
the important properties of biomembranes and enable one to study 
the transport of material and excitability. 

It has been established that various complex liquid-crystalline 
structures of long-range order are formed in lipid-water systems. 
These systems are of scientific interest in their own right. There is 
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Table 10.2. Comparison of the Properties of Bilayer re Membranes 
with Those of Biological Membranes 


Biologioal mem- Bilayer membranes 
Property branes at 25°C at 36°C 
Thickness, nm 6-10 6.7-7.5 
Electric capacitance, pF/mm? 5-1.3 0.38-1.0 


0. 
Electric resistance, ohm-cm? 102- a 108-109 
Breakdown voltage, mV 100 450-200 
Surface tension, N/cm? 0.03-4.0 x 10-5 0.5-2.0 x 10-5 
Water permeability, wm/s 0.37-400 31.7 
Activation energy for transport of 

water, kJ/mole 40.3 53.3 


ground for believing that the multiphase nature of lipid systems is 
directly associated with the functions of biological membranes (see 
further in the text). 


10.3. Conformational Properties of Membranes 

Let us consider the dynamical properties of membranes. A number 
of facts point to the high mobility of the lipid bilayer. The lipids in 
the membrane behave like liquid crystals. It is precisely a liquid crys- 
tal that combines high ordering with fluidity and lability. This 
combination makes possible for membranes to perform their impor- 
tant functions. 

The liquid-crystalline (liquid) properties of biological membranes 
are determined by the fact that the lipids present in them are in a mol- 
ten state at the physiological temperature. The melting temperature 
of a hydrocarbon is the lower, the larger is the number of double bonds. 
it contains (this gives rise to a difference between animal fats and 
vegetable oils). The lipids that have double bonds in their hydro- 
carbon chains melt at temperatures lower than the physiological 
temperature. The fraction of such lipids in the plasma membranes 
of mammals is large. 

The liquid properties of membranes are proved by many facts. 
The mobility of the membrane structure is revealed with the aid of 
paramagnetic and fluorescent labels and also by means of the NMR 
method. Figure 10.3 shows the EPR spectrum of a membrane labe- 
led with nitroxyl attached to the lipid tails. At a low temperature the 
lipid is frozen and at a high temperature the spectrum is peaked 
since the lipid has melted. 

Especially thoroughly studied are the liquid-crystalline pro- 
perties of photoreceptor membranes containing the protein rhodop- 
sin (Sec. 14.7). There is one molecule of rhodopsin in the mem- 
brane per 60-90 lipid molecules, of which 80 percent contain an unsa- 
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turated fatty acid. The flash photometric technique has revealed 
that the rhodopsin molecule rotates rapidly about the axis perpendi- 
‘cular to the membrane plane. The time of such rotational diffusion 
is 20 us at 20°C. The study of the bleaching of rhodopsin in the 
light by the microspectrophotometric technique has shown that the 
rhodopsin in the membrane undergoes translational lateral diffusion. 
The diffusion coefficient is equal to (3.5 + 1.5) x 10-® cm?-s-}, 
which eorresponds to the viscosity from 0.1 to 0.4 P. A close value 
is shown by the viscosity of the 
cell membranes of mammals de- 
termined from translational diffu- 
sion and also by the viscosity of 
the membranes of mitochondria 
and nerve axons. Thus, the mem- 
brane viscosity is two or three 
orders of magnitude higher than 
the viscosity of water and cor- 
responds to the viscosity of a 
vegetable oil. More viscous mem- 
branes are also known to exist. 
The membrane structure in 
Fig. 10.2 shows masses of glo- 
bular proteins “floating” Le 
oily layer of lipid. Their mole- 
cules are embedded on both sides 


_ 


ee 


Fig. 10.3. The EPR spectra of the 
spin-labeled lipid molecule in the 
membrane: 

1—low temperature; 2—high temperature. 


of the membrane to varying de- 
grees in the double bilayer of 
mobile hydrocarbon tails of the 


lipids. There are proteins that 

span the entire membrane thick- 
ness. A considerable part of the membrane surface is free from 
proteins: for example, proteins occupy 70 percent of the membrane 
surface in red blood cells and 80 percent of the surface of the 
microsome membrane. 

There are channels in membranes through which small ions and 
molecules are transported. Presumably, these channels are formed 
in the neighbourhood of protein molecules; they are coated with 
polar groups. The nature of the channels constitutes a topical prob- 
lem of the physics of membranes (see Sec. 11.4). 

A number of facts indicate conformational transitions in membranes. 
Structural changes are detected with the aid of fluorescent and 
paramagnetic labels, by measuring birefringence and light scatter- 
ing, and by circular dichroism. In membranes there are observed 
phase transitions—the melting of lipids. Such a transition occurs 
near 0°C when the membranes of mitochondria and microsomes are 
heated from —40°C. With the aid of spin-labels in a suspension of 
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piasma membranes isolated from the mouse fibroplast there have 
been established the temperatures of the lateral phase separation in 
lipids. For the outer monomolecular lipid layer such transitions 
are observed at 15 and 34°C. and for the inper layer they are detected 
at 24 and 37°C. 

The mobility of membrane lipids and phase transitions that occur 
in them are determined by their conformational properties. The 
melting of lipids occurs through the rotational isomerization of 


AC,, mcal/K per 1g solution 


AH, meal per 1g solution 
nN wo 
co oO 


— 
Oo 


o 


23 30 35 40 45 50 
Temperature, °C 


Fig. 10.4. The temperature dependence of the enthalpy and heat capacity of 
a solution of dipalmitoyl-a-lecithin (Ag, and Ag, are the heats of phase tran- 
sitions). 


hydrocarbon chains—this is a conformational melting. The saturat- 
ed hydrocarbons (paraffins) crystallize in the form of a continuous 
series of trans-rotamers (see page 70). In addition to trans-rotamers, 
the melting gives rise to gauche-rotamers. Their fraction in liquid 
paraffinic hydrocarbons is about 10 percent. This also refers to the 
hydrocarbon tails of the lipids. 

Figure 10.4 shows the manner in which the heat capacity and en- 
thalpy of a solution of the lipid dipalmitoyl-a-lecithin change with 
temperature. Two phase transitions are observed, one at 34°C and 
the other, especially sharp one, at 44°C. The X-ray pattern taken at 
n temperature lower than the transition temperature shows sharp 
diffraction rings corresponding to interchain distances of 0.48 nm. 
At a temperature higher than the transition temperature there is 
observed a diffraction ring corresponding to an interchain distance 
of 0.53 nm. 


24-0279 
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There has been worked out the statistical mechanics of bilayer 
phospholipid membranes which takes account of rotamerization and 
interchain steric restrictions. If the energy difference between the 
rotamers is assumed to be equal to AE ~ 2.5 kJ/mole (cf. page 70), 
the enthalpy and entropy changes brought about by the melting of 
a bimolecular lipid layer are found to be in agreement with experi- 
ment. 

Trauble (1971) advanced the theory of transport of molecules across 
the lipid membrane based on the same conceptions of the rotameri- 
zation of hydrocarbon chains. The staggered (gauche-) rotamers are 
considered to be mobile structural defects (kinks) that determine 
the presence of free volumes in the hydrocarbon phase of the mem- 
brane. The diffusion coefficient of such kinks is estimated as 
40-5 cm?-s~; this is fast diffusion. The transport of small molecules 
occurs as a result of their entry into free volumes and their joint 
migration. This idea provides a model of “kinetic channels” in the 
membrane and permits one to calculate its permeability to water 
in agreement with experiment. 

Conformational changes play an important role in the interactions 
of membranes with various ligands, which is essential to physiology 
and pharmacology. 

In most cases, the response of cell membranes to the addition of 
specific ligands is cooperative in character. The curves of the re- 
sponse of the membrane and cell to the increasing concentration of 
ligand often display inflections (cf. page 218). 

The so-called colicinogenic strains of the bacteria Escherichia coli 
produce macromolecular antibiotics—colicins which are capable of 
destroying the bacteria of other, “sensitive” strains of E. coli. In 
this process, the number of colicin molecules required for the de- 
struction of a single bacterium may be very small; it may even be 
equal to unity. Evidently, the membrane of a sensitive cell has am- 
plifying properties—the reception of one molecule serves as a trigger, 
bringing about macroscopic events on the cell scale. 

In principle, similar trigger processes are presumably realized 
in the membranes of receptor cells (see Sec. 11.7). 

It has been found that many drugs have an effect on the confor- 
mations of membranes and membrane lipids. Changeux and his 
coworkers treated the cell membrane as an ordered cooperative sys- 
tem built up of interacting subunits. They considered the trigger- 
ing properties of membranes on the basis of a theory analogous to 
the theory of indirect cooperativity of enzymes developed by Monod, 
Wyman, and Changeux (see Sec. 6.7). Each subunit has a receptor 
site for a given specific ligand, the affinity for which is changed when 
its conformation is altered. In the ordered “lattice” of the membrane 
the subunits (protomers) interact with their neighbours, which is 
what gives rise to cooperative properties. Depending on the ligand 
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activity and the interaction energy of protomers, the response of the 
membrane to ligand addition may be gradual or sigmoidal, becoming 
in the limit an “all-or-none” transition—a phase transition. The 
formal model describes the action of colicips and provides a qualita- 
tive explanation for a number of facts, in particular, for the fact 
that various related drugs cause different maximum responses of the 
membranes. The primary action of many drugs is localized in mem- 
branes and is cooperative. Many drugs are effective in very small 
concentrations (down to 10-!! M) and are highly specific. The effect 
of a drug on the membrane receptor is determined by molecular 
recognition, but we still know little about the nature of these re- 
ceptors (see Sec. 11.7). 

The main difficulty in building a molecular theory of membrane 
transport and reception consists in analysing the dynamic interac- 
tion between proteins and lipids. Membrane receptors— presumably, 
proteins (rhodopsin in photoreceptors)—change their conforma- 
tion when bound to the ligand, which leads to a change in depth of 
immersion and mobility of proteins in the “lipid sea”. The factor 
responsible for cooperativity may be the interaction of “floating” 
proteins upon their collisions. The fluid mosaic model may serve 
as the basis for the molecular physics of membranes. 

We may suppose that the properties of membranes are largely 
determined by electronic-conformational interactions (ECI, see 
Sections 6.6 and 13.4). The local shift of electron density that arises 
during the interaction of the membrane receptor with the ligand 
leads to conformational changes in biological molecules. The trans- 
port of electrons and ions across the membrane may be treated as 
the propagation of conformons—quasi-particles consisting of car- 
riers of electronic charge, or as an electron-density shift and con- 
formational displacements of the surrounding medium (see pages 
215, 457, and 460). 


10.4. Passive Membrane Transport 

The consideration of membrane transport should naturally be 
started with thermodynamics, without reference to the molecular 
structure of the membrane and transport mechanism. Thermody- 
namics not so much explains physical phenomena as organizes our 
knowledge, establishing the relationship between physical phenom- 
ena and their dependence on the parameters of the system. 

In this particular case, thermodynamics reveals the dependence 
of transport fluxes on the averaged characteristics of solutions and 
membranes. 

Consider the simplest model—a homogeneous membrane which 
is in contact with two solutions (Fig. 10.5). The dissipation func- 
tion inside the element dx of the membrane may be written in the 


23% 
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form 
To= \J,V(—1:) (10.1) 


where J; is the vector flux of the ith component through the mem- 
brane; wp; is the chemical potential. Integrating this expression 
with respect to the membrane thickness, we obtain 
Ax 
Be | oF dem tC) Ae Dd Aes (10.2) 
i i 
If,there is one solute (s) and one solvent (water, denoted as w), then 
Y= J sAps “ JwAtw (10.3) 
Calculations show that this integrated dissipation function may 
be rewritten as follows: 
W = J,Ap + JpAn_ (10.4) 


where Ap is the difference in 


pressure on both sides of /the 
membrane; Az is the difference 
in osmotic pressure; J, is the 
total volume flow: 


Jy =IVe + TIwVy (10.5) 


; : The quantities V, and V,, are the 
Fig. eg Illustrating the membrane yartial molar volumes; Jp is the 
soo flow of the solute relative to water: 


Jp Vs — Vy (10.6) 
The quantities v, and v, are the rates at which the solute and water 


are transported across the membrane. With a large excess of sol- 
vent 


x=0x=Ax 


Jy X Vy (10.7) 


Thus, we have now passed over to generalized fluxes J, and J D 
and generalized forces Ap and Ax. Near equilibrium we have (see 
Sec. 9.3): 

J, = LyAp + LppAn 
Jp = LppAp + LpAn 


The fluxes J, and Jp are coupled. The coefficient L, characterizes 
the mechanical filtration capacity of the membrane, i.e., the velocity 
of the liquid per unit pressure difference; Lp represents the velocity 
of the liquid per unit osmotic pressure difference; Lpp = (J)ap=o/An 
is the osmotic flow coefficient. For an ideal semipermeable membrane, 


(10.8) 
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which is impermeable to the solute, J, = 0 and J, = — Jp. From 
this it follows that 


(Lp + Lpp) Ap + (Lpp + Lp) An = 0 
—Lpp = Lp = Lp, An = Ap 
For a nonideal membrane the measure of its selectivity is 


eo pe (42), (EE) <1 ano 


and 


or 


x= (32 


7m feat (10.40) 


The quantity x is called the reflection coefficient. For the membrane 
of the human erythrocyte x = 0.62 with respect to urea. 

The phenomenological coefficients Lp, Lp, and Lypp may be ex- 
pressed through the friction coefficients of water and solute upon con- 
tact with the membrane and of the solute upon contact with water. 

If the solute consists of charged ions (of importance to biology 
are mainly the ions K*, Nat, Ca?+, and Mg?*), then, instead of the 
chemical potential, one must consider the electrochemical potential 
defined as 


By, +2F tp (10.44) 


where »p is the electrical potential of the membrane; z; is the valency 
of the charged particle; ¥ is Faraday’s number. When the two solu- 
tions (4 and 2) separated by the membrane are at equilibrium, their 
electrochemical potentials are equal: 


pi? = pi? (10.12) 
or 
as? 
Ap; = RT Ina = —2,F Ap (10.13) 
4 
where aj? and a{” are the activities, which in the case of ideal solu- 
tions are replaced by the concentrations c§? and c\. 
Phenomenological nonequilibrium thermodynamics as applied 
to passive ion transport is built up by analogy with the description 
of the transport of neutral molecules. The phenomenological coef- 
ficients are also expressed through the friction coefficients. The 
situation here is more complicated, since the number of these coef- 
ficients is large—there are six coefficients for a solution of NaCl in 
water. Calculations are simplified if the membrane is strongly 
charged, and therefore the concentration of fixed counter-ions in the 
wean is much higher than the concentraticn of the neutral 
salt. 
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Nonequilibrium thermodynamics offers a physically substantiated 
description of passive transport. It determines the kinetic character- 
istics of the membrane (say, %), which can be measured experimen- 
tally. We see that the treatment of membrane permeability re- 
quires a study of nonequilibrium fluxes of material. The transport 
dynamics is tied up with the properties of the membrane. The ex- 
perimentally found linear dependence of fluxes on generalized 


forces (the gradients p and q) for a number of passive artificial and 


e i 


Na* 460 Nat 50 
K* 10 K* 400 
Cl” 540 Cl” 40-100 


Isethionate’ 270 
Aspartate’ 75 


—90 mV —60 mV 
Frog muscle Squid axon 


Fig. 10.6. The concentration of ions (mmole/litre) and the potential difference 
between the two sides of the cell membrane. 


biological membranes implies the nearness of the coupled processes 
under consideration to equilibrium. Let us now turn to the molecular 
picture. 

Living cells are characterized by the fact that the concentration 
oi K* ions inside the cells may be 10-20 times higher than in the 
surrounding medium. For Nat ions there are observed gradients of 
the same order but opposite sign. Experiments with labeled atoms 
show that the ions of the cytoplasm are exchanged for the ions of 
the environment, i.e., the cell membrane is permeable to K* and Na* 
ions. Associated with the presence of ion concentration gradients 
is the experimentally observed potential difference of 50-70 mV 
between the cytoplasm and the environment. Figure 10.6 shows 
these relationships for the frog muscle and the squid axon. 

Why are Nat ions expelled from the cell and Kt ions left in an 
excess concentration? This question is in the sphere of evolution. 
The first cells presumably originated in sea water (see Sec. 17.1) 
and the composition of the intercellular medium, say the blood 
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plasma, is close to the composition of sea water. In order to create 
an electrochemical potential on the cell membrane, which is re- 
quired for a number of biological functions, at the expense of an 
excess of Na* ions, there would be required concentrations of Na* 
ions of the order of several moles per litre inside the cell. Conversely, 
the amount of K+ ions in the medium (in sea water) is so small that 
the required potential is produced with intracellular concentrations 
Jess by an order of magnitude. 

Experiments show that both K+ and Na* ions move practically 
freely in the axoplasm. That is why their concentration gradients 
are determined by the special properties of the membrane rather 
than by the specificity of the cytoplasm. The resting potential, i.e., 
the potential difference for the unexcited membrane, characterizes 
a certain nonequilibrium steady-state process. 

We shall first consider the ionic equilibrium between two solu- 
tions separated by the membrane. For example, for NaCl we have 


Bat BG = Mita T Be 
(the subscripts i and e stand for the internal and external sides of 
the membrane) or 
Apna = Miya — Pha = — (HG — BG) = — Ape 


Since Ap depends logarithmically on the ratio of the activities 
(cf. Eq. (10.13)], it follows that 


tha _ fo. (10.14) 


e i 
Na 41 


This is the Donnan equilibrium. The activity ratio may be approx- 
imately replaced by the concentration ratio. 

If the permeability of the membrane to both species of ions is 
determined only by their mobility, then with a difference in concen- 
trations there will arise a diffusion potential on both sides of the 
membrane which is determined by the high mobility of Cl- ions 
as compared to that of Nat ions. Therefore, a more dilute solution 
will become electronegative with respect to a more concentrated 
solution. The potential difference will be given by [cf. Eq. (40.13)] 


RT una—vuel },, 61 
Ap a ricperer es In = (10.15) 
where Ung = 5.2 and uci = 7.9 (pm/s) (cm/V) are the mobilities 
of the ions. If the ratio of the concentrations on both sides of the 
membrane is c,/c, = 10, then Ap = — 12 mV. If the membrane 
is permeable only to Nat ions, then ug = 0 and we obtain the 
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Nernst equation, which coincides with Eq. (10.43): 


Ap=— In (40.16) 


At c,/c, = 10 the potential difference is Ap = 60 mV. 

In biology we deal with a more complex system—we must take 
into account the presence of at least three species of ions: K*, Nat, 
and Cl-. 

Assuming the electric field to be constant and uniform throughout 
the entire thickness of the membrane, Hodgkin and Katz (1949) 
derived a formula for the resting membrane potential Ay which is 
treated as the diffusion potential. The currents of univalent ions 
flowing across the membrane are given by 


de d 
k= — RTux SK — cg F Ze 
d d 
Iya= —RTuna ao —CnalnaF a (10.17) 


de d 
Iq = RTug GS — cawaF a 


For a uniform field and a uniform membrane 


3 enews (10.18) 


where Az is the thickness of the membrane. Substitution of Eq. 
(40.48) into the first equation in (10.17) and integration from cx to 
ck gives 

_ ux F Ay oK— ek exP (—FAW/RT) 


Tx Az 1—exp (— FAW/RT) 


(40.19) 


The permeability coefficient of the membrane for K* ions is given by 
uKRT 


Pe= ae (10.20) 
From Eqs. (10.19) and (10.20) it follows that 
fess PeF*Ay CK — Ck exp (—FAY/RT) (10.24) 


RI 1—exp (— FAW/RT) 


The net current is equal to the sum of the currents Jx, Iya, and 
Ton 
TZ PKAvF2 w—y exp(—FAY/RT) 


=—RTE 1—exp(—FAW/RP) (10.22) 
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where 


Pe i Por 
Y=Cy + pe cha t pe EI 


If the ionic current J is very i i.e., if the resistance of the mem- 
brane is high, then J ~ 0, w = y exp (— F Ay/RT), whence 


_ RT y 
ONS ge 
or 


Prey t+Pnatnat Pace 


. 10.23 
Pree +Pnacnat Pag ( ) 


Ap == In 


We have deduced the Hodgkin-Katz formula. It agrees well with 
experiment at large ck and small cx. When c& decreases or ck in- 
creases, the value of the quantity Aw tends to a certain limit. The 


product PxcexK behaves as a constant; an increase in the resting 
potential Ay leads to a decrease in the permeability coefficient Px. 
Theoretical models have been constructed to account for these 
facts which take account of the necessity of overcoming the activ- 
ation barriers by the ions that traverse the membrane. We shall 
return to these questions in Sections 10.6 and 11.3. 


10.5. Active Membrane Transport 

An increased concentration of K* ions and a decreased concen- 
tration of Na* ions inside the cell are determined by the active 
membrane transport which proceeds against the electrochemical 
potential gradient. 

Active transport is one of the most important features of life 
processes. It resolves the contradiction between the preservation 
of spatial heterogeneity and metabolism—the exchange of matter 
and energy with the surrounding medium. 

Active transport is accomplished through the coupling of diffu- 
sion fluxes to the exergonic reactions that take place in the bulk 
of the membrane. The transfer of matter occurs at the expense of 
the free energy liberated in chemical reactions. As a rule, this is 
the energy of hydrolysis of ATP. The coupling indicated is not 
trivial. As has already been pointed out (see page 324), the coupling 
coefficients for scalar and vector fluxes are equal to zero in an iso- 
{ropic system in accordance with the Curie principle. The coupling 
of chemical reactions to diffusion may be indirect, arising as a 
result of the stationary state being maintained (page 336). On the 
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other hand, direct coupling is also effected due to the anisotropy 
of the membrane. Finally, there is a transport facilitated by a chem- 
ical reaction (known as facilitated or mediated transport). In this 
case, the transport is accelerated due to the presence in the mem- 
brane of carriers—substances which interact with the transported 
ions or molecules. Ions or molecules form a complex with the carrier 
on the outer side of the membrane. This complex is broken down 
on the inner side. Neither the carrier (C) nor its complex with the 

transported substance (S) leaves 

the membrane. The following 


i Iepide e reaction takes place inside the 
membrane: 
Kt CPNa' —CPNa ee Se aes 
2 . A flux of reactant S_ passes 
Jexch exch through the membrane. From the 
Nat cai : Na’ stationary-state condition it fol- 
ADP Kae EK lows that the flux of the carrier 
F in the membrane Jc is comypen- 
Jcnem — Jcne sated for by the opposing flax of 
ATP cel B ee P, the complex Jes: 
NY Jot+Jcs=0 
Jor that is, the circulation of C 
occurs. 
Membrane Let us consider, in this connec- 


Fig. 10.7. The thermodynamic scheme tion, the ee HE EANS: 
of the sodium pump. porting mechanism operative in 


The superscripts i and e refer to the inter- the membrane (in particular, 
neh ane external sides of ge emiars: in the membrane of the nerve 
cal cycle. cell) which makes use of the freo 

energy of ATP for the active 

transport of Na* and K* ions 
in the direction of their increasing concentrations. The key role 
in the operation of the sodium pump is the enzyme—the K*, 
Nat-activated ATPase. We shall describe the sodium pump in terms 
of carriers, which can be phosphorylated and dephosphorylated in 
the various regions of the membrane: 


C--ATP + CP+-ADP 
Suppose that ATP and ADP react only on the inner side of the 


membrane. The phosphorylated carrier CP undergoes dephosphory- 
lation as a result of a certain conformational conversion: 


H,O 
cP —>C+P 
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Let us assume that the carrier C is a protein with high affinity for 
K+, and CP is a protein which predominantly binds Na*. The sodium 
pump operates as a system of two cycles, in which one cycle drives 
the other (Fig. 10.7). The first cycle is ofethe ion-exchange type: 


CPK + Na+ = CPNa-+ Kt 
The second cycle is chemical and involves phosphorylation and 


dephosphorylation reactions. 
In the stationary state 


dC Ki dc Ke 


7 —Jenemt+ J cx = 0, a7 = Jenem— Jcx =0 
that is, ; 
J chem = J chem — Jcx (10.24) 
For the chemical cycle we obtain 
: ; , , 
ENO = Stxon— Scone =0, CONS = Jopna—Jexcn =0 
that is, ; 
Jexeh = J exch = J cpna (10.25) 
and 
d i : A 
are = J chem = Jexeh = Jcpx =0 
10.26) 
dCP Ke p ( 
a =Jcpx + Jexch — Jchem = 9 
that is, 


Jopx = J chem — Jexch = Jénem— Jéxch (10.27) 
The dissipation function has the form 
To= JcxApcx + Fone siege + JchemA chem + JcpxApcrK + 


+ JcpnaApcpna + Jexcnt aes + JexchAexeh (10.28) 
where 


Apox = Bex —péx, Apcpx=pérpx—Bopx, Apcpna = MCpNa— WEPNa 
Ahem = Pare + McK — BADP — McPK 
Achem = Peek + #H,0— UCK — BP 
Axon = perk + PNa— BCPNa— bk 
Aexch = PGpNa + MK — BGPK — HNa 
Hence, 
TO =J chem (MATE + BH,O — MADP — Mp) + 


+ Jexcn (ura aa La) = (pik — LK)] =J chemA chem + Jexchexch 
(10.29) 


364 Chapter 10. Physics of Membranes 
The ion-exchange coefficient is equal to 


ppeeusd NE (10.30): 
[Ke[[Nat] 


The phenomenological relations are as follows: 
Jexch = Ly Aexch + Ly,Achem 


J chem = L.A exch + La9A chem 
If L,, ~ 0 and Achem ~ 0, then since at Jesen = 0 


(10.31) 


L 
A exch = — RT In r= a A chem 


the coefficient T is different from zero and L,,, Ly. > 0. In the case 
of erythrocytes 
Liz Achem \ 

Thus, the operation of the sodium pump is maintained by Ahe 
coupling of two cycles—the ion-exchange and the chemical Cycle. 

The phenomenological description shows that the operation of 
the sodium pump is possible near equilibrium—under linearity 
conditions. 

We shall now turn to a molecular treatment. As has been said 
above, the source of free energy for active transport is ATP. This 
compound augments active transport when incorporated into the 
cell, but it has no effect on the transport when present in the sur- 
rounding medium. It was possible to isolate the K*, Na*t-activated 
ATPase from cell membranes. This enzyme cleaves ATP only in 
the presence of K* and Nat ions. The action of ATP in the mem- 
brane is directly associated with active transport—the glycoside 
ouabain inhibits ATPase at the same concentration at which it 
interrupts the operation of the sodium pump. The hydrolysis of 
ATP in vitro with the aid of ATPase occurs in two stages. First, 
ADP is liberated and inorganic phosphate remains bound to the 
enzyme. This stage is activated by Na* ions. The second stage re- 
quires Kt ions and consists in the splitting-off of the phosphate 
from the enzyme. A similar, though spatial, asymmetry is characterist- 
ic of the pump—its activity depends on cya at the internal surface 
of the membrane and on cx at the external surface. When ATP is 
cleaved in the membranes, the labeled phosphate is found to have 
moved from ATP to the phosphoproteins of the membrane. The 
kinetics of the action of ATPase in vitro is described by a sigmoidal 
plot of the reaction velocity against the concentrations of Nat, K*,. 
and ATP. The hydrolysis of one ATP molccule in the membrane is 
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accompanied by the extrusion of two or three Na* ions from the 
cell. 

The K*, Nat-activated ATPase is a tetrameric protein with a 
molecular weight of about 250,000. The protein contains two types 
of subunits: a (molecular weight 84,000F and B (molecular weight 
57,000), two of each of the species. Only the subunit a binds the 
phosphate label from labeled ATP. On the basis of these facts there 
has been proposed a model of active transport controlled by the 
conformational changes of ATPase. A change in conformation in- 
duces changes in the affinity of the corresponding active sites for 
cations. In one conformation the a-subunit binds Na* and the B-sub- 
anit binds K*; the situation is reversed in another conformation. 
The conformational conversion is accompanied by the hydrolysis 
-of ATP; the split-off phosphate is first bound to the a-subunit. 
Here we again encounter electronic-conformational interactions 
(see page 212). 

Let us now discuss the kinetic model of the process. Suppose 
that there are two types of active sites capable of binding and ex- 
changing Na* and K*. The first type is nonspecific: these sites take 
part in passive transport. The sites of the second type belong to 
the ATPase and provide active transport. 

The enzyme (E) catalyzes the hydrolysis of ATP. We denote 
ATP by the letter X, ADP (and AMP) by Z, and the phosphate 
by P. The coupling between the ion-exchange reaction and the en- 
zymic reaction is described by the equation 


hy 
Nai + E!.K+X ——_~ Bi-Na-P+Z+K? 
Ry 
‘The superscript “i” denotes, as before, the internal side and “e” 
the external side of the membrane. On the external side 


hy 
Ke+-Ee.Na-P —_—~ Ee-K + P+ Nae 
hos 
‘The Na-P complex, which breaks down on the outside of the mem- 
brane, moves to it from the site of its formation down the concen- 
tration gradient. If the affinity of the exchange sites for ions is 
high and no free sites are available, the movement of the Na-P com- 
plex and the exchange for K may he depicted as an exchange reac- 
tion: 
hs 
Ei-NaeP+Ee-K —_— Ei-K-+Ee-Na-P 
hs 
Thus, the generalized force that drives the ions is the chemical 


potential difference of the product Z which is maintained by the 
«nzymatic reaction. 
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Suppose further that the exchange of the ions at active sites and 
the enzymatic reaction are cooperative—the sites interact with one 
another. A cooperative exchange is observed, for example, in zeo- 
lites, where it is governed by the change of the lattice structure due 


i ,Membrane e 


Fig. 10.8. The coupling of ion fluxes 


x in the membrane to a chemical mae) 
tion (Y = phosphate). 


to the exchange of ions. Accordingly, we introduce the stoichiomet- 
ric coefficients p, v, and x different from unity into the reaction 
equations. 


The general scheme of the reactions is (Y = P): 


Ry 
pNai + Et. Ky+-*xX —_—~ Bt. Nap: Y,-+ vKi+xZ 


veel ols 


2 
pNae+ E¢-Ky+xY ~~ Et-Nap- Yy+vKé 
has 


Here Jy, and Jx are passive fluxes. The coupling of the fluxes is shown 
in Fig. 10.8. The kinetic equations of the reactions are as follows: 


s-'Cx = — hy (cha)? (cx)” mix + 4 (ck)” (cz)” ra 
ste, = — hy (cha)? (ex) mi + kus (ck)” (€z)” nna +I Na 
80a = heel (e&)” nia — ha (Chra)” (Cx) 2k —INa (40.32) 


sok = ky (cha)? (ex)” rk — hes (ck)” (€z)" nha + Jx 


Mic = — key (chva)® (cx) Mk -+ 1 (c)” (C2) nat ShgrNnatk + $k_snk Nin 
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Here c' and c® are the dimensionless concentrations of the ions in- 
side and outside the cell referred to the molar concentrations of water 
in the corresponding volume, cy,o and cy,0; mk and nyaq are the 
numbers of the ion-occupied exchange sites of the enzyme per unit 
area of the internal and external surfaces of the membrane; s is the 
surface area of the membrane. At the same time, 


nktnig=ni, n&+nia=n* (10.33) 
and 
sng + snk + chock + ¢h,0ck = Kx 
sina + 8Mia-+ Ci,0CNa + CH,0CNa = "Na 


Relations (10.33) and (10.34) express the retention of the number 
of exchange sites at the membrane surfaces and of the total number 
of each species of ions. 

In a stationary state the right-hand sides of Eq. (10.32) are equal 
to zero. In the cell only ATP (X) is used up. 

From the first two equations in (10.32) it follows that the active 
efflux of Na* from the cell is determined by the reaction velocity 
cx and is compensated for in the stationary state by the passive 
flux Jya. 

Assuming the enzymatic reactions to be irreversible, we put 


- = k., = k-, =0. In this approximation the active efflux of 
Nat from the cell is given by 


J = ky (cha)? (cx)" nk = he (ck)” Ma =skgnnank (40.35) 


Assuming the concentrations of Na* and K* ions in solutions to 
he independent of each other, we obtain from the above expression: 


a kgs J (J>—J)]1/0 0.3 
ae iz (cx)* (kgsnt + ke (c&)*) Jo—J ee) 


(10.34) 


i 


Here 
Jo => kpn® (ck)”, Js = sk3kan'n® (ck) /(skgn* + ke (ck)’) 


Thus, cna is defined as a function of the flux at given ck and cx. 
Analysis of expression (10.36) shows that the curve of cya vs. J 
has an inflection point in the interval 0< J <J.q, which is in 
Agreement with experiment. The same also refers to the curve of 
vs. J. Ifo =v = 41, i.e., no cooperativity is present, then the 
turve shows no inflection. 

The above-described kinetic model agrees well with experiment 
and shows that the specific role of the protein-enzyme in membrane 
transport consists in coupling transport to metabolism. 
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We are not yet discussing the concrete paths by which the ions 
are transported across the membrane. The ions are transported 
through special channels, which will be considered in Sections 10.6 
and 114.4. 


10.6. Transport of Charged Particles Through Membranes 

The electric conductivity of cell membranes is about 10-3 mho-cm~?; 
for artificial lipid membranes (see page 351) it is much lower, of 
the order of 10-® mho-cm-?. These values are many orders of magni- 
tude lower than the electric conductivity of a 0.01M KCl in water, 
which is equal to 104 mho-cm~?. , 


Fig. 10.9. Calculating the energy of an ion in the membrane: 


(a) The effect of the image forces. (b) The formation of ion pairs. (c) The hydrophilic pore 
dn the membrane. (d) The effect of complex formation. 


The low ionic electric conductivity of the lipid membrane, which 
is treated as a homogeneous medium, is determined by the low 
dielectric constant (permittivity) of lipids (2-3), this being unfa- 
vourable for the incorporation of charged particles. The distribu- 
tion coefficient of particles between the lipid and the aqueous phase 
is equal to exp (—W/RT), where W is the energy of the particlo 
in the lipid measured from the energy in water. It is made up of 
the electrostatic energy and the energy of hydrophobic interaction: 


W=W.+W, (10.37) 


The first term is the principal one; for spherical particles of radius 
a it is equal to 


W.= (+-<) (10.38) 


Here go = 2e?/2kT (z is the ionic valence and e is the charge on 
the electron); ¢ is the dielectric constant of the lipid; e, = 81 is 
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the dielectric constant of water. At T = 25°C, z = 1, gy = 28.2 nm. 
If a = 0.2 nm and e = 3, then exp(—W/RT) = 10~-*°. 

The energy of the ion in the membrane, however, decreases due 
to at least four factors (Markin, Pastushenko, and Chizmadzhev, 
1977): 

1. The membrane has a finite thickness. 

2. The ions can form ion pairs inside the membrane. 

3. The membrane may have fixed pores (channels) of high dielec- 
tric constant. 

4. The ion can be transported by an ionophore, a carrier that in- 
creases the effective radius a. 

These four effects are schematically demonstrated in Fig. 10.9. 
Let us consider the roles played by these factors.’ 

At the interface between the membrane and:the aqueous phase 
there arise image forces. The electrostatic energy W, of the ion in 
the membrane decreases somewhat and assumes the shape of the 
curve shown in Fig. 10.9a. Because of this effect the energy is de- 
creased by an amount of the order of a/J, i.e., by a few percent. The 
barrier height is of the order of a hundred of kJ/mole. 

The formation of ion pairs does not give a noticeable gain either— 
the maximum decrease of the energy is not more than two-fold. 

Pores of high polarizability can considerably reduce the energy 
of the charge in the membrane (Fig. 10.9c). At b< 1 the energy of 
the particle at the pore axis is given by 


e e2 Em 
The second term in this formula is due to the image forces acting in 
the pore walls. The function P (x) has been calculated numerically, 
its value not exceeding 0.25. If e, is comparable with e,,, then the 
second term in W, predominates. At e,, = 2 the value of W, = 
~ 1180/b (nm) kJ/mole. 

The fourth factor is mediated ion transport. A number of substances 
serve as ionophores—carriers of alkaline cations. Examples are depsi- 
peptides, cyclic antibiotics (say, valinomycin), which have been 
studied in detail in the works of Shemyakin, Ovchinnikov, Ivanov, 
and also by Pressman and coworkers. Another group of carriers— 
monactin, etc.—are macrotetrolides, which are cyclic compounds 
containing four ether and four ester linkages. 

The structure of some cyclic carriers is shown in Fig. 10.10. Iono- 
phores are neutral molecules of high polarizability which form com- 
plex spherical complexes with ions (see Fig. 10.9d and Fig. 10.11). 
The energy of the complex in the medium is given by 


e2 ez 71 1 
We ee aa) sae 


%4=0279 
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Fig. 10.10. The chemical structure of some cyclic carriers. 


Hydrogen 
= bond 


Fig. 10.11. The structure of a complex of valinomycin with K+. 


10.6. Transport of Charged Particles Through Membranes 371 


With a high polarizability of the ionophore the second term may be 
neglected. At b = 0.5-1 nm at 25°C 


W,. = 69.3-34.4 kJ/mole 


So, the ionophore can considerably lower the barrier to ion penetra- 
tion. Direct measurements of the temperature dependence of ion trans- 


A 
(d) 
Fig. 10.12. The mechanism of ion 
transport across the membranes: 
(a) mobile carriers with a small “merry-go- T 


round” (the carrier T is enclosed in the 
membrane and complex formation takes 
place at the membrane solution interface); 
(b) mobile carriers with a large “merry-go- 
round” (the carrier T is present in the mem- 
brane and in the solution; complex forma- 
tion takes place in the solution); (c) coope- 
rative transport (the ion A is ferried by 
several particles of the carrier T); (d) sequen- 
tial transport; (e) direct transport. 


port by membranes in the presente of ionophores have demonstrated 
that the ion transport obeys the Arrhenius equation 


g = Aexp(—H*/RT) (10.44) 


The enthalpy of activation H? is equal to 136.5 kJ/mole for! monac- 
tin, to 231 kJ/mole for valinomycin, and to only 39 kJ/mole for 
gramicidin-A. Monactin and valinomycin are mobile carriers, while 
gramicidin-A forms a polar pore in the membrane. In the presence 
of valinomycin and monactin the conductivity sharply decreases 
when the lipid membrane is being “frozen”; no such effect is observed 
in the presence of gramicidin-A. The transport facilitated by the 
formation of pores is a sequential process—a pore can be formed by 
several successively arranged molecules between which the trans- 
fer of an ion takes place. The ion can be transported not by one but 
simultaneously by several ionophore molecules—this is a cooperative 
mechanism. Various mechanisms of induced ion transport are shown 
schematically in Fig. 10.42. 

As has been pointed out (see page 354), membrane transport may 
be associated with the presence of kinks—mobile structural defects 
in the liquid-crystalline lipid phase. The possibilities of the inter- 
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pretation of this kind of effects on the basis of the theory of disloca- 
tions have not yet been completely exhausted. 

While discussing the membrane transport of univalent cations, 
we have closely approached the problems pertaining to excitable 
membranes, to the generation and propagation of the nervous im- 
pulse. 


10.7. Molecular Reception 

The reception of external signals by the sense organs involves 
receptor cells and cell systems which are specific to each sense organ 
and in which the signal (visual, hearing, smell, taste, or touch) is 
transformed to nervous impulses. The nature of such transformations 
is still obscure in many respects. Here we shall deal with the recep- 
tion of molecular signals, which include smell and taste. The visual 
reception will be considered in Chapter 14 and the mechanical recep- 
tion in Sec.12.6. 

Various receptor cells have fine, hairlike projections—antennge, 
whose plasma membranes contain proteins specific to a particzlar 
type of reception. These antennae may consist of so-called microvilli 
and stereocilia (the latter are formed. upon differentiation of micro- 
villi)—cilia and flagella and their derivatives. These also include 
fibrous proteins. Flagella have a “9 x 2+ 2” arrangement, i.e., 
a bundle of 411 thin fibres, consisting of a circle of nine double fibres 
around two central single microtubules (see Sec. 12.6). In other cases, 
flagella have a “9 x 2 + O” structural pattern. 

Smell reception is very important to a number of organisms of 
vertebrates and invertebrates. Insects use the language of odours— 
the special chemical substances secreted externally by insects, called 
pheromones, serve as messages for the other members of their own 
species. There exist triggering pheromones used by ants as an alarm 
signal or as a trail indicating the path to food. Butterflies release 
pheromones as sex attractants, a fact discovered by Fabre. A number 
of pheromones have been obtained in a pure form, in particular, 
bombykol—the sex attractant of the female silkworm moth Bombyz 
mori. Butenandt and his associates extracted 4 mg of bombykol from 
313,000 butterflies and determined its structure: 


H,C—CH,—CH,—CH=CH—CH=CH—(CH,),—CH,0H 


The sensitivity of butterflies to bombykol is very high—for the male 

to be excited 10-18 g in 4 cm? of solvent (i.e., 2500 molecules) will. 
suffice. The statements occasionally appearing in the literature that 

insects communicate by electromagnetic signaling have no grounds. 

Orientation by odour has been established for many organisms— 

mammals, fish, etc. 
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The high sensitivity of smell receptors indicates that odours are 
transmitted by molecules. The threshold concentrations of odorous 
substances sensed by man are 4 X 10-7 for skatole, 4.4 x 10° for 
ethylmercaptan, and 5 X 10-° mg/litre fqr trinitrobutyltoluene. An 
odorous substance must be sufficiently volatile and capable of dis- 
solving in water and in lipids—the receptor cells are embedded in 
a mucous, aqueous environment and the substance must pass through 
the membranes. 

There has been made an assumption that smell reception is based 
on the resonance of atomic oscillations of the molecules of an odorous 
substance and of the molecular structures of the receptor. This theory, 
known as the vibrational or quantum theory, cannot be considered 
to have been theoretically substantiated. The nature of the smell 
and its intensity correlate poorly with the vibrational spectra of 
the substance. Substances that have strongly differing spectra often 
have similar odours and vice versa. The vibrational theory contradicts 
the elementary physical considerations. The nasal cavity is practic- 
ally a closed system: it is, so to speak, a sort of black body, and if 
molecules get into it, their radiation emission must be in equilibrium 
with the cavity walls. The vibrations in such a system cannot be 
perceived. 

Moncrieff (1951) suggested that odorous molecules produce their 
effects by fitting closely into the receptor sites of the cells. Based 
on this idea, Amoore made an extensive search, looking for clues 
in the chemical characteristics of odorous compounds and came to 
the conclusion that there were seven primary odours, and in 1952 
his findings were summed up in a stereochemical theory of olfaction 
that identified the seven odours (see Table 10.3). 

Comparison of the structures of substances that have such odours 
has shown that the smell is determined not by chemical composition 
but by the shape and size of their molecules. Figure 10.13 shows the 


Table 10.3. The Seven Primary Odours with Chemical and More 
Familiar Examples (identified by J.E. Amoore, 
J.W. Johnston, Jr., and M. Rubin) 


Primary odour Chemical example Familiar substance 
1. Camphoraceous Camphor Moth repellent 
2. Musky Pentadecanolactone Angelica root oil 
3. Floral Phenylethyl methyl Roses 

ethyl carbinol 

4. Pepperminty Menthone Mint candy 
5. Ethereal (ether-like) Ethylene dichloride Dry-cleaning fluid 
6. Pungent Formic acid Vinegar 


7. Putrid Butyl mercaptan Bad egg 
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molecular structures and shapes of the corresponding receptor sites. 
The pungent and putrid odours are determined not by the structure 
but by the charge—electrophilic substances with small molecules 
have a pungent odour (HCOOH, SO,, Gl,), whereas nucleophilic 
substances have a putrid odour (H,S). Mixed odours made up of 
two or more primaries arise if the different groups of the same sub- 
stance are located at different receptor sites. On the basis of the 
Amoore receptor-site hypothesis, there has been possible to carry 
out the directed synthesis of an odorous substance. Thus, there is 
every ground for believing that smell reception is based on the direct 
recognition of molecular structure effected by means of weak inter- 
actions (cf. page 58). No better olfaction theory has yet been work- 
ed out. 

Fesenko and his colleagues (1978) studied the tissue membranes 
of the frog and mouse olfactory epithelia and found that they contain 
structures having high affinity for camphor. Their specific sensitivity 
towards this odorous compound, the low dissociation constant, and 
their absence from other tissues point to the presence in the mem- 
brane of olfactory receptor molecules. A number of facts indicate 
that the olfactory receptor for camphor is a membrane protein with 
a molecular weight of about 125,000. Such a protein must have a 
molecular diameter of the order of 8-10 nm. This value is consistent 
with the size of particles detected with the aid of an electron micro- 
scope on the flagella of the olfactory receptor cells of a calf anda 
mouse. 

The manner by which the binding of the molecules of odorous 
compounds to the membranes of smell receptor cells triggers a nerve 
impulse is unknown. 

Taste reception is molecular and not structural in character. The 
sour (acid) taste is due to the presence of hydrogen ions and the 
salty taste, to the presence of anions, such as Cl-. The bitter and 
sweet sensations arise when the receptor cells are stimulated by sub- 
stances of widely differing structures (quinine and sodium sulphate 
are bitter, sugar and saccharin are sweet). There have been discovered 
specific proteins of vegetable origin which exhibit high taste activity. 
Two of these, monellin and thaumatin, which have an intense sweet 
taste, are chemostimulants. On the other hand, the glycoproteid mi- 


Fig. 10.13. Olfactory receptor sites are shown for each of the seven primary 
odours, together with molecules representative of each odour. The shapes of the 
first five sites are shown in perspective and (with the molecules silhouetted in 
them) from above and the side. The molecules are (left to right) hexachloro- 
ethane, xylene musk, alpha-amylpyridine, /-menthol, and diethyl! ether. Pungent 
ciemie acid) and putrid (hydrogen sulphide) molecules fit because of charge, 
hot shape. 
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raculin is a taste modifier—after its action on the tongue the acid is 
perceived as a sweet substance. Presumably, miraculin becomes bound 
to the plasma membrane. The acid alters its conformation, stimu- 
lating the “sweet” portion of the membrane. The sensation of taste 
must in the final analysis boil down to molecular recognition. 

The membrane receptor molecules—proteins, glycoproteins (gly- 
coproteids), etc.—participate in the most important biological 
phenomena. The generation of immunity is described in Sections 4.8 
and 17.8. The intercellular interactions responsible for morphogene- 
sis (see Sec. 17.7) are effected via molecular, chemical signals. This 
is proved by direct experiments, in which the interaction of cells 
was suppressed by inserting a piece of cellophane between them. 
When cellophane was replaced by agar-agar, the interaction was 
restored. 

It has long been shown that the separated cells of a sponge again 
unite when the sponge is placed in sea water, well-developed small 
sponges being formed as a result. Regeneration is found to be species- 
specific. Evidently, recognition, which leads to the ordering of cells, 
requires molecular signaling, and the contact and adhesion of cell 
surfaces. 

It has been found that the permeability of cell membranes is in- 
creased upon contact. This contact is preceded by signaling via 
special substances secreted by cells. In some cases it proved possible 
to identify the secreted substances. They turned out to be glycopro- 
teins having a sedimentation constant of 62.5S and a spherical shape 
80 nm in diameter; they have extensions 110 nm in length and 4.5 nm 
in thickness. In other cases, signaling is effected via small molecules, 
in particular, by cAMP (see pages 44 and 45). 

The movement of cells, as a result of which they are sorted out, 
is best accounted for by their differential adhesion. Edelman (1967) 
proposed a hypothesis of the nature of mutual recognition of cells, 
their movement and also of cell growth based on surface modulation. 
According to this hypothesis, the surfaces of cells of a particular 
species contain molecules of specific glycoproteins. These are cleaved 
by certain proteases, and the fragments left at the surfaces recognize 
each other. Thus, the state of the surface is modulated by proteases, 
which thereby control the adhesion of cells in developing tissues. 
These glycoproteins are responsible for the association of cells. 

We may note the similarity between various phenomena of chem- 
ical modulation of the surfaces: antibody-antigen interactions; in- 
jection of viruses; interactions with hormones; the fusion of a sperm 
with an egg, etc. The Edelman hypothesis is important and may serve 
as the basis for further investigations. 
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11.1. The Axon and the Nerve Impulse 

Nervous excitation is propagated via nerve fibres called axons. 
The nervous system of higher organisms is commonly subdivided 
into the central nervous system (CNS) and the peripheral nervous: 
system (PNS). The latter is made up of axons which transmit signals- 
and ganglia of the vegetative nervous system. Axons are communica- 
tions for afferent (or sensory) neurons, which carry signals from re- 
ceptors (the sense organs) to the central nervous system, and for 
efferent (or motor) neurons which transmit signals from the CNS 
to the effectors (muscles). Axons are long, slender extensions or- 
processes of centrally located nerve cells. 

The study of the nervous impulse is the traditional problem in 
biophysics. The speed at which the nerve impulse is conducted was. 
originally measured by Helmholtz. In 1902 Bernstein worked out the 
membrane theory of excitation. The investigations carried out by 
Hodgkin, Katz, Huxley, Tasaki, and other scientists have disclosed’ 
the principal mechanisms of generation and propagation of the nerve- 
impulse. 

Thus, much is known about the functioning of the axon. But the 
present-day status of science permits one to model only formally the- 
functioning of the central nervous system, and we are still far from 
understanding its higher functions—memory and thinking. 

Figure 11.1 is a schematic representation of the structure of the 
nerve cell—the neuron. The cell receives messages from many other 
neurons via their thin extensions which form junctions called synap- 
ses between the cell body and its short outgrowths—dendrites. The 
length of axons in the body of large animals may amount to several: 
metres. 

The contacts with other cells are formed not only in synapses. The- 
larger part of the neuron surface is wrapped by glial or Schwann 
cells. Their role is not clear yet. The membranes of Schwann cells: 
form a myelin sheath of myelinated axons shown schematically in 
rig. 14.4. This sheath is interrupted at regular intervals (every 
1-2 mm of the length of the axon) by constrictions or the nodes of 
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Ranvier. These nodes are about 1 pm long. In the region of the nodes 
of Ranvier the axon membrane comes into contact with its environ- 
aent. There also exist unmyelinated axons. 

The myelin sheath of the axon consists of a multiple helical wrap- 
ping of the cell membrane of Schwann cells around the axon. The 
myelin is thus a multilayer (up to 250 layers) membrane which pro- 
tects the axon membrane against the environment. Figure 11.2 


Muscle 
fibre 


Motor nerve ending 


Fig. 11.1. Schematic representation 
of the structure of the nerve cell 
(the motor neuron). 


shows the diagram of the myelin membrane structure obtained hy 
means of the X-ray diffraction technique. 

It has long been established that the nerves and muscles are ca- 
pable of generating electromotive forces called biopotentials. The 
electrical activity of cells manifests itself in the form of short dis- 
charges, each of which lasts about 1 ms. Modern experimental in- 
struments make it possible to amplify and record these signals. II 
has been found that the nerve activity is always accompanied hy 
electrical phenomena. Figure 11.3 shows the impulses in the optirc 
nerve of the crab Limulus set up by a light flash of 1 s (Hartline, 1934). 
The frequency and character of a sequence of impulses depend on the 
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intensity and spectral composition of the light. The magnitude and 
duration of an impulse are independent of the nature and amount of 
excitation. ; 
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Vig. 11.2. Schematic representation of the myelin membrane structure. 


ae ie daha profiles for the optic nerve (the dotted line) and the sciatic nerve (the 
eaoll ine). 


An electric signal corresponding to an individual impulse conduct- 
wl along the axon is called the action potential or spike potential. 
‘This is the basic unit of information transmitted along the nerve fibre. 
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The rate of travel of the nerve impulse, v, is 1-100 m/s; it is faster 
for myelinated than for unmyelinated axons. For instance, for the 
myelinated fibres of a cat v = 10-100 m/s, and for the giant axon 
of a squid (the fibre diameter 600 um!) v = 25 m/s; for the unmyelin- 
ated fibres of a cat v = 0.7-2.3 m/s. 
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Fig. 11.3. The impulses in 

the optic nerve fibre of 

0.001 Limulus stimulated by a light 

fo ; flash of 1 s. The numbers on 


the right indicate the rela- 
tive light intensity. The 
illumination time is indicat- 
ed by a break in the upper 


white line; the time interval 
a on the lower white line is. 
ee 0.28. 


Despite the fact that the azoplasm is a solution of electrolytes, it 
does not serve as an impulse conductor. The specific resistance (re- 
sistivity) of the axoplasm ranges from 10 to 100 ohms-cm. The re- 
sistance per unit length of a fibre with a diameter of 1 jm is 
10°-10!° ohm-cm, which exceeds the resistance of a copper wire of the 
same diameter by 108 times. In such a conductor the losses and leakage 
are high. But the nerve impulse is transmitted by the axon to dis- 
tances of up to several metres without being damped and distorted. 

An important role in the biophysics of the nerve impulse has been 
played by methods of investigation with isolated axons—the inser- 
tion of microelectrodes into the axon and perfusion, i.e., the squeez- 
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ing-out of the axoplasm from the fibre and its replacement by arti- 
ficial solutions. Work with squid giant axons is especially convenient. 
A simple experiment consists in introducing two microelectrodes 
into the axon: one serves for electric stimwlation, and the second is 
used for measuring the generated potential (Fig. 11.4). 

Exper’ment shows that the magnitude and time course of action 
currents are independent of the magnitude of the stimulating current 


Excitation Oscillograph 


Axon 


Fig. 11.4. A diagram for investigating the nerve impulse with the aid of two 
microcells. 


and that an action potential does not arise if the electric stim- 
ulus does not reach a certain threshold value. The nerve fibre acts 
according to the all-or-none law—an action potential of constant 
value either arises or does not arise at all. 

In order to excite the axon, a certain minimum quantity of electric- 
ity is required. As the duration At of the impulse transmitted is 
reduced the current J must be increased. For prolonged rectangular 
impulses there exists a minimum current sufficient for excitation; 
a weaker current is inefficient at any duration. Figure 11.5 is a plot 
of the threshold current J,, against At; the curve has the shape of 
a hyperbola. It is usually described by the following empirical for- 
mula: 


In= +b (11.1) 


The quantity b is called the rheobase; it is the minimum value of the 
exciting current at At —- oo. With very short impulses, i.e., at 
small At, the current Jy, ~ a/At, i.e., the quantity [,,At ~ a is 
a constant that characterizes the threshold level of the amount of 
electricity. From formula (11.1) it follows that at J,, = 2b the quan- 
tity At,, = a/b (chronazy). In reality, however, at At = a/b the 
current J, ~ 1.4b—formula (11.1) does not hold for the entire 
range of At values. 

If two successive stimuli separated by a certain time interval are 
applied to the nerve fibre, the behaviour of the fibre will depend on 
this time interval. Immediately after a nerve impulse has been ini- 
tiated, the given part of the fibre is in the absolute refractory state, 
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i.e., it cannot be excited again. This is followed by a relative refrac- 
tory state in which the threshold potential is somewhat increased. 
The duration of the entire refractory period varies from one to a 
few milliseconds. 

In the resting state the axoplasm is charged negatively with re- 
spect to its environment. The resting potential is about —80 mV. The 
threshold excitation has a potential of about —50 mV, while the 
action potential is equal to 40 mV. This is schematically shown in 
Fig. 11.6. 

The transmission of a nerve impulse is determined by a change 
in the state of the axon membrane upon its excitation. As pointed 
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Fig. 11.5. The dependence 
Chronaxy 1 of the threshold current on 
aes | the duration ofthe impulse. 


out above, in the resting state of the cell membrane, as a result of the 
active transport of ions, the concentration of K* ions in the cytoplasm 
(axoplasm) by far exceeds their concentration in the environment; 
for Nat ions the situation is reversed. Table 11.1 gives the composi- 
tion of the axoplasm of the axons of Loligo, the composition of blood 
plasma and the related composition of seawater. 

When an exciting potential is applied to the membrane, first its 
permeability to Na+ ions is increased. The Nat ions enter the axon, 
as a result of which the inner surface of the membrane changes the 
sign of its charge from negative to positive. In other words, the mem- 
brane undergoes depolarization. 

If we make use of formula (10.23) to express the potential difference 
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Fig. 41.6. The stimulation of the axon membrane: 


(a) and (b) subthreshold impulses; (c) the threshold attenuated impulse; (d) the appearance of 
an action potential with a superthreshold impulse; the dotted lines indicate the moving 


impulse. 
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Table 11.1. The Concentration of Ions and Other Substances in the 
Axon of the Squid Loligo 


Concentration, mmole Concentration, mmole 
per kg H2O per kg H20 
Substance SS eS Pe eal Substance 

plasm Blood “ter plasm Blood **tgr" 
Kt 400 20 10 Succinic and 
Nat 50 440 460 fumaric acids 17 — 
‘Cl- 40-150 560 540 || Orthophosphate 2.5-9.0 — _ 
Ca2+ 0.4 10 10 ATP 0.7-1.7 
Mg?* 10 54 53 Arginine phos- 
Isethionic acid 250 — _— phate 1.8-5.7 — — 
Aspartic acid 75 — — Water 865 870 966 


Glutamic acid 12 — — 


then the resting state is characterized by the ratio of the ion perme- 
abilities 

Px: PNa: Poi=1: 0.04: 0.45 
In an excited state corresponding to the generation of an action 
potential 

Px: Pna: Po} =1: 20: 0.45 


Let us emphasize that the interpretation of excitation as the result 
of the alteration of the ionic permeabilities is phenomenological and 
does not disclose the molecular mechanism of the process. 
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Fig. 11.7. Electric currents that arise on depolarization of the axon membrano. 


The depolarization of the membrane gives rise to currents which 
are short-circuited through the external conducting medium. These 
currents stimulate the next portion of the axon (Fig. 11.7). 

Thus, according to the membrane theory, when the impulse is gen- 
erated, a certain channel is opened through which Nat ions get 
into the interior of the axon, causing the membrane to be depolariz- 
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ed. When the impulse is being generated, the sodium channel is 
closed and the potassium channel is opened. The ejection of K* ions 
leads to the restoration of the negative charge on the inner surface 
of,the membrane. In this way the membrant is repolarized. After the 
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Fig. 11.8. The propagation of the nerve impulse is accompanied by a change in 
the permeability of the axon membrane to ions. 


refractory period has expired, the membrane becomes capable of 
transmitting a new impulse (Fig. 11.8). 

As can be seen from Fig. 11.7, the net lateral current flowing across 
the cross-section of the axon and the environment is equal to zero— 
ut all points the internal currents are equal in magnitude and oppo- 
site in direction to the external currents. But the density of the longi- 
tudinal current and the longitudinal potential difference between 
two points in the interior of the.axon are different from those in the 
exterior of the axon. The axon membrane has a resistance of 
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1000 ohms-cm? and a capacitance of 1 wF/cm?, which corresponds to 
a lipid bilayer having a thickness of 5 nm, a dielectric constant of 
é = 5 and a specific resistance of 2 x 10® ohms-cm. During the 
generation of an impulse the conductance of the membrane increases 
by about 10% times. The electrical properties of the membrane can 
be modelled by an equivalent circuit shown in Fig. 11.9. This figure 
shows only one element of the membrane, and we should visualize 


4, External solution 


Axoplasm 


Fig. 11.9. An equivalent diagram of an element of the excitable membrane of 
the nerve firbre. 


a long linear sequence of such elements, forming a continuous cable. 
The resistance R characterizes the axoplasm; the external solution 
is present in a large excess and is depicted by a conductor without 
resistance. The sodium and potassium “batteries” @y, and €x de- 
termine the generation of an impulse, and the additional “battery” 
€y depicts the movement of other ions which does not change upon 
excitation. 

Thus, the propagation of an impulse is a self-sustained process; 
the nerve impulse resembles a burning spark traveling along the 
length of a fuse. 

As has been said above, the nerve impulse travels in a myelinat- 
ed fibre faster than in an unmyelinated fibre. In the myelinated 
axon the transmission of the impulse occurs in a saltatory way: the 
nerve impulse jumps from one node of Ranvier to another. Potassium 
and sodium channels open and close only at the nodes of Ranvier— 
the myelinated portions are well insulated. The myelin sheath has a 
low capacitance, which accounts for the high rate of transmission of 
the nerve impulse. The saltatory conduction of the nerve impulse is 
shown schematically in Fig. 11.10. 
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The myelination inherent in the axons of invertebrates provided 
their evolutionary advantage, since a myelinated fibre may be 
25 times thinner than an unmyelinated fibre at the same rate of 
transmission of the impulse. 5 

The membrane theory is directly supported by experiments in- 
volving the perfusion of axons. It has been possible to squeeze the 
axoplasm out of the giant axon of Loligo without the membrane being 
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Fig. fads Schematic representation of the saltatory transmission of the nerve 
impulse. 


damaged and to replace the axoplasm with an artificial solution. 
The perfused axons are capable of conducting up to 105-108 impulses 
for several hours. 

The resting potential disappears when the concentration of Kt 
ions on the inner side of the membrane becomes equal to that on the 
outer side. When KCl in the axoplasm is replaced by NaCl, the 
resting potential falls down to zero. At the same time, the resting 
potential is only slightly sensitive to concentrations of K* ions less 
than 20 mM. Perfusion experiments show that the resting potential 
is really controlled by K* ions. When KCl is replaced by NaCl and 
the concentration of K+ ions is considerably increased (up to 600 mM), 
the situation is reversed and the internal part of the fibre is found 
to be electrically positive (and not negative) relative to its surround- 
ing medium. Indeed, when the fibre immersed in an isotonic solu- 
tion of KCl is filled with an analogous solution of NaCl, the inner: 
solution is found to be positively charged relative to the external 
solution and @ is 50-60 mV. 

Direct experiments with labeled atoms show that the conductiom 
of the nerve impulse is associated with the increase of the velocity 
of movement of potassium and sodium along the concentration gra-- 
dients. In the giant axon of the cuttlefish Sepia with each nerve: 
impulse there is observed an influx of Na* ions equal to 10.3 « 
~ 10-1 mole/cem? and an efflux of the same ions equal to 6.6 x 
< 10-" mole/cm?. The net influx of Nat (3.7 x 10-!? mole/cm?) 
per impulse is approximately equal to the influx of K* ions. Indeed, 
for the voltage of the capacitor having a capacitance of 1 pF to be 
changed by 120 mV there is required a charge of 0.12 x 10-® C, 
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which is equivalent to 1.3 x 10-!* mole/cm? of a univalent cation. 
Thus, the measured influx of Na+ is more than sufficient for the 
action potential to be set up. 

With each nerve impulse in an unmyelinated axon about 
20,000 Na* ions pass across 1 wm? of the surface area. In a myelinat- 
ed axon the number of Nat ions that enter the axon per impulse 
through every node of Ranvier is 6 x 106. The surface area of the 
membrane at the node is 20 pm?, which means that 300,000 Nat ions 
pass across every 1 um?*. The density of the ion current at the node 
is about 10 times higher than in unmyelinated giant axons. 

The generation of a nerve impulse is accompanied by thermal phe- 
nomena—the nerve is first heated and then cooled. It has been shown 
that this effect depends on three factors. First, when the action po- 
tential is generated, there occurs an energy dissipation caused by the 
ion currents. Second, this is accompanied by an energy dissipation 
brought about by a change in the separated charges on the two sides 
of the membrane—a decrease in the transmembrane potential cor- 
responds to the heat released. This contribution, however, is an or- 
der of magnitude smaller than the ionic contribution. Finally, the 
opening of the ion channel is accompanied by the liberation of heat, 
which is then absorbed. In general, theory is in agreement with ex- 
periment, according to which the heat released by the rabbit vagus is 
100 wJ/g per impulse and the heat absorbed 93 pJ/g. 


11.2. Propagation of the Nerve Impulse 

We know relatively simple electrochemical processes that are 
similar to the movement of the nerve impulse. For example, such 
a process occurs when a pure iron wire is immersed in concentrated 
nitric acid. The wire surface becomes coated with a passivating oxide 
film. If the film is destroyed at some spot, the iron will vigorously 
dissolve. This process spreads along the wire, the activation front 
advances, this being followed by the repassivation of the iron. This 
is the model thoroughly studied by Lillie and also by Markin. Theory 
shows that there is a far-reaching formal analogy between the Lillie 
model and the mode of propagation of the nerve impulse. Other mo- 
dels have also been developed. 

Nerve excitation begins with a local generation of the action po- 
tential. The impulse then propagates along the nerve axons and 
syncytia, which are systems composed of numerous fibres, the impulse 
passing from one fibre to another. The syncytial structure is charac: 
teristic of smooth muscles, which coat the hollow organs of animals. 
Nerve excitation is transmitted from one neuron to another by means 
of synaptic transmission, the nature of which is a special problem. 

Before we consider the generation of the nerve impulse determined 
by physico-chemical processes in an active membrane, let us turn 
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to a physical treatment of the propagation of the nerve impulse; 

Especially important in this field are the works of Hodgkin and 
Iluxley which are devoted to the solution of the entire problem of 
theoretical calculations of the shape of the action potential and the 
speed at which the nerve impulse is transmitted. 

The basic equation for the membrane current that arises in a ho- 
mogeneous portion in response to a shift in potential may be written 
in the form 


r=C 241, (44.3) 


where @ is the potential difference ee the two sides of the axon 


membrane; Cq@ is the capacitive current associated with a change in 
the density of ions on the external and internal surfaces of the mem- 
brane; J; is the ionic current determined by the movement of charged 
particles across thé membrane. For the squid axon J; is composed of 
the currents of Na* and K* ions (Jy, and J,) and the leak current 
ly. Hodgkin and Huxley have demonstrated experimentally that 
these ionic currents are. linearly dependent on atte corresponding 
wlectrochemical potentials: 


Iya = &Na (P — na) 


ate. The Hodgkin-Huxley theory is based on the separate measure- 
ment of the potassium and sodium currents. To do this, the voltage- 
clamp technique is used. Let us make use of the model shown in 
Fig. 14.9. By short-circuiting the membrane with a metallic wire, 
we can sharply lower the membrane potential down to zero. The 
ea hed C is discharged, after which a current is created only by 
lons that pass through Ry, and Ry. Upon sharp depolarization of 
(he membrane to a potential value between 20 and 110 mV the net 
jonic current is first the inward Nat current along the concentration 
uradient. After the lapse of about 1 ms there arises an outward Kt 
turrent. If the total potential difference is @na, there is observed 
only a potassium current. At @ > @y, the sodium current is direct- 
wl outward. The resolution of the net current into its components can 
lw carried out by changing the concentrations of Na* and K* ions. 
Figure 11.11 shows the observed curves of J vs. t. If the axon is ini- 
mersed in seawater, the net current J = Jy, + J, will be described 
hy curve 7. When Na? is replaced by choline, there is observed’ a 
nel potassium current (curve 2). The difference between these two 
rurves (curve 3) yields Iya. When the potential is suddenly displac- 
ol inside the fibre by +56 mV (a “short-circuiting” of the membrane) 
‘he sodium conductance gy, first increases rapidly from zero to 
‘iy X 10-3 ohm~!-em~? and then declines (Fig. 11.12). The potassium 
‘onductance increases slowly, following the course of an S-shaped 
vurve, and after 5-6 ms it reaches a constant level. Upon repolariza- 
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tion of the membrane gy, drops considerably faster than does gx. 
With various shifts of the membrane potential there is observed a 
regular change in the course of the gna (¢) and gx (t) curves. The 
potassium and sodium conductances of the axon membrane depend 
significantly on the presence of Ca?+ ions (see Sec. 11.3). 

Hodgkin and Huxley proposed a satisfactory description of the 
observed changes based on a special model. It is presumed that K* 
can pass through the membrane only if four single-charged particles 
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Fig. 11.41. Resolution of the mem- 
brane current J into the potassium and 
sodium components: 

1,1 = Ing + I; 2. Sodium is replaced by 
choline, I = Ig; 3 = 1-2, I = Iyg. The 
deviation upward is the outflowing current. 


Fig. 11.12. The variation of gy, and 
8, during the depolarization of the 


membrane by 56 mV. The solid linus 
indicate the conductance on prolonged 
depolarization; the dotted lines in 


dicate the conductance on repolariza. 
tion of the membrane in 0.6 and 6.3 ma. 


approach a certain region of the membrane under the influence of 
an electric field. The potassium conductance is equal to 


&x = exnt (41.4) 


where gx is the maximum conductance; n <1 is the probability 
of the approach of the particle. The kinetic equation for n has thw 
form 


n=a, (1—n)—B,an (41.5) 


where the rate constants a, and B, depend, at constant concentra: 
tion of Ca?* ions, only on the membrane potential g. When the pusi- 
tive potential inside the fibre increases, a, increases and f, decreases. 

Since the potassium channel may be considered to be wide open 
upon approach of a negatively charged particle, the quantity m may 
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be treated as the probability of two Ca?* ions being expelled from 
the potassium channel. 

The next assumption consists in that the sodium channel is open- 
ed if three activating particles find their way into the given portion 
and one blocking particle is simultaneously expelled. Denoting 
the probability of the entry of an activating particle by m and the 
probability of the exclusion of the blocking particle by h, we obtain: 


Ena = Bnanh (11.6) 

For m and h we write equations analogous to Eq. (11.5): 
M =m (1 —m) —Bmm (41.7) 
h = ap, (1—h) —Bph (41.8) 


When the interior of the axon becomes more positive, the values of 
&m and 6, increase and those of a, and B,» decrease. 

At a fixed voltage all the values of « and f are constant; hence, 
n, m, and h are exponentially dependent on time. Calculation of the 
curves of gx and gna versus t and » by means of these formulas gives 
good agreement with experiment. 

The density of the net membrane current is given by the followingt 
expression [cf. Eq. (11.3)]: 


1=C 2+ (p—¢x) Bxn* + (—ONa) Enam*h+(9—y) By (11.9) 


where C is the membrane capacity per unit surface area. The firs 


term in Eq. (11.9) is the capacitive current and gy is the conductance 
for Cl- and other ions which corresponds to the leak. 

Let us initiate the action potential by a short pulse. After the 
excitation is completed both the radial and the longitudinal cur- 
rent in a given section are equal to zero. Hence, J = 0 for t > 0. 
The dependence g (¢) is found from Eq. (11.9) if the initial value of 
«p is taken as the boundary condition. Theory gives good agreement 
with experiment (Fig. 11.13). 

Let us consider a certain portion of the axon having a length 1. 
The radius of the axoplasm is a and its resistance is Ry. In a station- 
ary state the current that flows into the portion under consideration 
is equal to zero. We have 


ma? og LY) ap 7\)]_ 
| — get (go tase!) | = 2naur (11.10) 
where I is given by Eq. (11.9). The left-hand side of Eq. (11.10) 


contains a divergence of the longitudinal current, and the right- 
hand side contains the membrane current. If the nerve impulse trav- 
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els at a constant speed v, then the following wave equation is valid: 
se Se (41.14) 


and Eqs. (14. 9), (44. 10), and (14.11) yield the Hodghkin-Huzley 
equation: 

a. do os 
2Rv? di? 


d 
=C 24+ (@— ox) gxn*+ ( — Ona) Bnamth + (p— Oy) BY (44.12) 


A numerical solution of Eq. (11.12) that corresponds to the finite 
values of @ gives the rate of propagation v which agrees well with the 
experimental value. For example, 

for the squid axon the speed cal- 


mV culated with the aid of the 
100 experimental values of a, Ry, 
50 C, x, Gnas Py, BK» env and 
" Fo: 2 gy is equal to 18.8 m/s. Experi- 
ata ‘ ment: gives 21.2 m/s. At this 
¢.mV (a). -4ms value of v the potential after 
100F completion of the spike returns 
50 to the resting level. 
of 2 2 As a result of subsequent inve- 
b) ims stigations, it became possible to 
-resolve and simplify. the problem. 
Fig. — The propagating action In calculating the rate of propa- 
een @) experiment (the squid giant gallon of the impulse . one: may 
axon at 18.5°C). distract from its precise shape 


and consider the movement of 

the impulse along an electric 
cable formed by the axon membrane and characterized by certain 
values of resistance and capacitance. The inductance of the fibre 
plays no significant role. The approaches along this line are realized, 
in particular, in the works of Kompaneyets (1966, 1971). 

Four phases can be distinguished in the propagation of the nerve 
impulse. First, the potential difference increases from its resting val- 
ue @, to the threshold level g,. Second, it increases from q, tO max; 
up to the action potential. Then, the system returns to the initial val- 
ue @p, and, finally, passes to a refractory state. The speed of pro- 
pagation of asingle impulse i is determined only by the first two phases, 
in which the potential increases. By specifying an initial rectan- 
gular current pulse and taking into account the values of capacitance 
and resistance per unit length of the axon and its radius, we can 
calculate the velocity of propagation of the impulse both in unmy- 
elinated and myelinated axons in reasonable agreement with experi- 
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ment. The resulting dependence of the velocity of propagation on 

the parameters indicated follows also from dimension considerations. 

The theory of the propagation of the nerve impulse was further 

developed in the works of Markin, Chizmadzliv, et al. (1969-1974). 

The propagation of excitation along an unmyelinated homogeneous 
fibre is described by the general equation 

Op(z, t)_ 1 d%p(z, 2) I 

dt =CORC”CO® (44.43) 

where g is the membrane potential measured from the resting mem- 

brane potential; R is the sum of the external and internal resistances; 

C isthe capacitance of the unit fibre length; J is the ionic current. 
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Fig. 11.144. An approximation of the Fig. 11.15. The rate of travel of the 
ionic current for stimulation of the nerve impulse at various leakage con- 


membrane. ductivities gjea,: 
1—0 mho-cm-?;\ 2—1 mho-cm7?; 3—5.74 
mho-cm~?. 


flowing across the membrane (which is also referred to unit length 
of the fibre); J > 0 if the current flows outward. 

Once the threshold is reached the ionic current flows into the in- 
terior of the fibre and after a certain time has elapsed it changes its. 
direction and flows outward. The ionic current may be approximated 
hy two rectangular “tables” (Fig. 11.14). In this approximation Eq. 
(11.13) is solved without much difficulty. The coordinate § = z — vt 
is introduced, where v is the velocity of propagation of the impulse. 
Kquation (14.13) is rewritten in the form 


“284 prc — RI@=0 (41.14) 


We find wave solutions on the condition g (co) = 0 and with finite 
4 values at £ — — oo. Equation (11.14) is satisfied by two solutions 
with different values of v. Figure 11.15 shows the curves of the stim- 
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ulating threshold qg’ vs. v for three values of the leak conductance 
gy. The following values of the parameters are assumed for the squid 
axon (see Fig. 11.14): j, = 63 pA, j. = 40 pA, tT = 36 ms, tT, = 
= 0.55 ms (j,T, = j,t,), C = 0.157 pF/cm; the specific resistance 
of the axoplasm p = 50 ohms-cm, the axon diameter a = 0.05 cm; 
g’ = 18.5 mV. The straight line with g’ = 18.5 mV crosses the 


g’ (v) curve at two points at sufficiently low values of gy. The high 
and low velocities (v, and v,, respectively) are approximately given 
by 
vy ee Lille RO) — 2i(rmRC) 
Pe TAG’ RC) —1(rmRC) PA 


= 29’ 1/2 

»*( ame mom) 
Here r,, is the resistance of the membrane per unit axon length in 
the resting state. Since j, «< a, R oc a~?, and C « a, we find that 
v oc a}/?, which is in agreement with experiment. 

The solution of v, is stable and that of v, is unstable. Suppose that 
the velocity v, has increased by a small amount. Then, as seen from 
Fig. 11.15, the potential at the midpoint of the impulse declines 
‘down to a value below the threshold level g’. As a result, the impulse 
is slowed down. But if v, decreases, the potential at the front point 
~will exceed the threshold level and the impulse will be accelerated. 
For v, the inverse relations are valid. 

With account taken of the experimental values of the parameters 
for the squid axon (rm, = 6.37 x 10° ohms-cm) we obtain v, = 
= 21 m/s in excellent agreement with experiment. 

Theory thus shows that the velocity of propagation of the impulse 
is determined by the electrical and geometrical parameters of the 
axon, almost independently of the shape of the original impulse. 
‘Theory also gives solutions for fibres of variable cross-section and 
for branching fibres. Markin, Chizmadzhev, et al. have developed the 
theory of interaction of nerve fibres in fascicles and stems, the theory 
of propagation of excitation in syncytia. 


(41.15) 


11.3. Generation of the Nerve Impulse 

The current-voltage characteristic of the axon membrane is specif- 
lic. It is not only nonlinear but contains a portion with a negative 
slope (Fig. 11.16a). This is a consequence of the dependence of Na 
and K conductances on the membrane potential. 

Let us consider the generation of the action potential in a homo- 
‘geneous section of the axon. Since at the first step of depolarization 
the K conductance is very low, we assume the ionic current to be 
tthe sum of Jyq and the leak current Jy. The leak current is defined 
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by Ohm’s law as the difference between the active potential p and 
the resting potential 1. divided by the resistance of the membrane: 


natgha 


The time dependence of Jy, may be approximated by a rectangular 
well if we assume that a current 
of constant value Jy, exists 
within the time interval from 
the moment ¢* its peak value is 
reached to the moment ¢t,; when 
the Na-current falls off. During 
the remaining time interval 
Ina = 0 

Experiments carried out at a 
fixed potential show that the 
dependence of Jya on @ is non- 
linear, i.e., the dependence of 
na on @ is nonlinear. However, 
with an instantaneous jump of 
the potential the conductance 
na has no time to change and, 
according to the experiments 
carried out by Hodgkin and 
Huxley, Iya is linearly depen- 
dent on @ — @ na: 


Tee 2 _ 
is Bxa (@ Ona ) Fig. 11.16. An experimental current- 
(11.17) voltage curve (a) and its approxima- 
tion by a broken line (6). 
Let us replace the experimental 
curve of Iya vs. @ shown in 
Fig. 11.16a@ by a broken line with discrete absolute values of 
conductance (Fig. 11.165): 


=| & at P< P< Pe 
82 at P> G2 


The voltage-current characteristic of the peak Na-current is described 
by the following formulas: 


dIna 
dp 


(11.18) 


0 xP 
—& (9 — $1) P< P< be (11.19) 
—£2(9—F,) << 9<Q; 

82 (P — Ona) E> Ps 


Ina 
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with g, << g<g,, where g = -R-}. With the membrane being excit- 


ed by a direct current from a source of voltage @ we have J = gq. 
Let us consider the response of the membrane to such excitation. 


If @ < q,, then Jy, = 0. The equation for the membrane current 
m = Cédq/ét + Iy assumes the form 


cP =2(0+%—9) (14.20) 

Its solution 
© @—go=9 [41 —exp (—gt/C)] (11.24) 
describes the passive behaviour of the membrane with stimuli of 


threshold intensity. The magnitude of the stimulus @ = RI sets 
up the limit for the increase of g. If at time t = t, the stimulating 
current is switched off, then 


d 
CP =8 (%—9) (11.22) 
with the following initial condition: 
® (to) = Go + 9 [1 —exp (—gt/C)] 
The solution gives the rapidly falling-off voltage: 


P— P= @ [exp (gto/C) — 1] exp (— gt/C) (11.23) 


If the stimulating current is sufficiently high, then at time ¢ = ¢, 
the growing potential will reach the value g,. At t >t, 


dp o~ | 
CP = 29-8 (p— 40) + 81 (P— 91) (11.24) 

The solution of Eq. (41.24) has the form 
9 G0 = G+ P= fg, gexp[ —#GH Ez) ]} (11.25) 
It describes the exponential increase of » — gp up to the value 
P20 — Po =F — (¥1— 9o)] (11.26) 


The local response determined = ae difference between the poten- 

tial shift and the corresponding passive response is found by sub- 

tracting Eq. (11.21) from Eq. (11.25). The local response appears 

to have a sigmoidal shape, which agrees with experiment (Fig. 11.17). 
Using relation (11.21)-for ¢ = t, 


1 —9o= 9 [1 —exp (—gt,/C)] 
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we eliminate exp (—gt,/C) from Eq. (11.25) and obtain 


a- m1 
~ | P=(G1—9) &— 81 Q ee 
9—%= 9+ SEEM g—gexp = t (—_) | 
g~ 81 ( ae ) 9— Fit Po 
(11.27) 
The dependence of ¢ on the stimulus @ is nonlinear. The curve of @ 


vs. m shown in Fig. 141.18 coincides with the experimental curve. 
We see that the semi-empirical model under consideration reveals 


ty t 
Fig. 11.17. The dependence of the Fig. 11.18. The dependence of the 
local response on time. shift of the membrane potential on 


the applied stimulus. 


the basic features of the local response: the S-shaped dependence 
on time, the nonlinear dependence on the magnitude of the stimulus. 
These features are due to the appearance of a current flowing across 
the membrane and determined by,the negative differential conductance, 
whose absolute value g, is lower than the membrane conductance g. 
If the limit po — @p to which the potential shift tends exceeds 
2, the system is found to be in the region where the Na-current is 
determined by the negative differential conductance, g, being greater 
than g. Since g > g,, we may assume that g, >> g,. The change of 
the membrane potential is described by the following equation: 


d a 
CB=eo—2(9—G) + 82 (P— 92) (11.28) 


When the stimulus is applied for a prolonged period of time, the 
moment f, this equation becomes valid is reached when the poten- 
tial begins to rise, this portion of the curve being described by 
Eq. (11.25). The solution of Eq. (441.28) has the form 


cu) = (P+ 9) + a Po+ 


+[@()+ rr (9+ %)— ea 2 | exp[ ee (tt) | ae 
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The exponential is positive; g increases or decreases, depending on 
the sign of the pre-exponential term. If by the time ¢, the potential 
becomes equal to q,, then the pre-exponential term is positive 


on the condition ~ > @, — Go. The potential rises up to the time 
t = t;, when, as a result of the membrane being inactivated, the 


— 
t 


tp ty tytAt ty 


Fig. 11.149. The growth of the mem- Fig. 11.20. The growth of the mem- 
brane potential with time on pro- brane potential with time on stimula- 
longed stimulation by a current of a_ tion by a direct-current impulse. 
superthreshold level: 


t;—the start of the local response; t,—the 
moment of switching on the + Na-current; 
ts—the moment of switching off the Na- 
current. 


Na-current falls off. If by this time the stimulus has ceased to act, 
the behaviour of the system is described by the equation 


d 
CSP = —8(p—%) 


and its solution is 
© — Po=[¥ (ts) — Po] EXP [ —£(t—1) | 


The potential falls off exponentially down to the level of the resting 
potential @,. The entire course of the dependence of @ on ¢ is described 
by the curve in Fig. 11.19. 

If the stimulus acts for a short time interval ¢), the situation is 
different. Suppose the action of the stimulus is stopped as early as 
the isotonic step of the build-up of the membrane potential. By the 
time ¢, the potential p = g, but the Na-current is not switched on 
until a certain time interval At has elapsed. But during this time 
interval the stimulus ceases to act and the potential begins to fall. 
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If by the time t = ¢, + At it has not become less than @g, i.e., 


9 (t2+ At) = 40+9[ exp (4t.)—1 |exp[ —£ (+40 |>az 
(41.30) 


the Na-current is switched on, a spike appears, and the time course 
of the potential follows the curve shown in Fig. 11.20. 

Using Eq. (11.30), we can obtain the relationship between the 
current J and the duration of its action which is in quantitative 
agreement with experiment. 

It has been shown on the basis of the adopted model that the 
development of the spike potential on the axon membrane begins 
from the moment the membrane potential reaches a value at which 
the conductance is negative and exceeds in absolute magnitude 
the membrane conductance. 


11.4. lonic Channels 

The above-described models of the generation of the impulse are 
phenomenological and do not disclose the molecular mechanisms 
involved. 

But how are the ions transported across the axon membrane 
(cf. Sec. 10.6)? Are they transported by means of special carriers or 
through channels in the membrane? Experiment solves this alterna- 
tive in favour of the channels. In the absence of permeant Na* 
and Kt ions the high-frequency conductance of the membrane is 
equal to zero. If some mobile charged groups functioned in the 
membrane, there must have been observed an electric current. 
It is possible to estimate the quantitative characteristics of the 
channels, the number of which per 1 pm? of the membrane surface 
is several hundreds. The conductance of a single sodium channel 
is 4 x 10-12 mho, and that of a single potassium channel 12 x 
x 10-12 mho. The conductance (permeability) of the first channel 
is about 107 ions per second, and that of the latter, about 10° ions/s. 
Nonetheless, it is difficult to say what the channel is in the structural 
sense. An ionic channel may be looked upon as a sort of “vectorial 
enzyme” which catalyzes the transport of ions. The activity of 
such an “enzyme”, i.e., a lipoprotein complex experiencing conforma- 
tional rearrangements (kinks, see page 304), is regulated by an 
electric field. 

The ion exchange via channels is a source of energy for the pro- 
pagation of the nerve impulse. The driving force for this process 
is provided by the sodium pump which operates at the expense of 
the energy of ATP (Sec. 10.5). 

The ionic channels are highly selective. It is, however, possible 
to make the Nat-channels transport other cations by blocking the 
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K+ channels by tetraethylammonium. The same can be done with 
K+ channels. Table 11.2 presents the relative permeabilities of 
channels to various cations. This table shows the selectivity of the 
channels. The cross-section of Nat channels determined from these 
data is about 0.3 x 0.5 nm?. There are observed large differences 
in the permeabilities to ions of similar sizes. The hydroxylamine, 
H,N*—OH, and hydrazine, H,N*—NH,, pass through the Na* 
channel and methylamine, H;N+—CHs, does not pass at all. Hille 
presumes that in the narrowest part of the channel there are oxygen 
atoms, one of which is charged negatively. The cations with OH and 
NH, groups slip through the channel, forming hydrogen bonds 
with O-; the CH, group is not capable of doing this. The ions move 
through the channel one after another. 


Table 11.2, The Relative Permeabilities of Na* and K* Channels 
at Nodes of Ranvier to Monovalent Cations (Hille, 1972) 


Crystallographic P,,,/P P,,,/P. 
708 radius of ion, nm in Natchannel in Kochannel 

Lithium 0.120 0.93 0.048 
Sodium 0.190 4.00 0.010 
Potassium 0.266 0.09 4.00 
Thallium 0.280 0.33 0.300 
Rubidium 0.296 _— 0.910 
Ammonium 0.300 0.16 0.130 
Hydroxylamine 0.330 0.94 0.025 
Hydrazine 0.333 0.59 0.029 
Cesium 0.338 — 0.077 


The sodium channel is tightly sealed by one molecule of tetro- 
dotoxin (the toxic principle of the Japanese fish fugu, Spheroides 
porphyreus) or saxitoxin (the toxic principle of Gonyaulaz, the 
dinoflagellate of “red tides”). Accordingly, these poisons paralyze 
nerve conduction. The use of these substances has made it possible 
to determine the number of channels per unit surface area of the 
membrane and to study the gating current (see below). 

Hodgkin and Huxley have established the exponential relation- 
ship between the initial change of the membrane potential @ and 
the peak value of gy. To the change of @ by 4-6 mV to the side of 
depolarization there corresponds an e-fold increase in gna. One 
might think that this change is the result of the action of an electric 
field on the disposition of some ions in the channel. Considering 
that the conductance gya is proportional to the fraction of: these 
ions displaced by the field, we obtain 


_ §Na, 
8Na= TE b exp (— 2097 THT) ate)) 
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where z is the valency of the hypothetical ion; a@ is the number 
which expresses the fraction of voltage @ that acts on the ion; b is 
a factor which is independent of g. The average experimental value 
of za is equal to 3.5 according to available data. Hodgkin and 
Huxley presumed that such hypothetical ions determine the activa- 
tion and inactivation of Na* and K* channels. Admittedly, these 
are Ca?* ions. Indeed, the change in the concentration of Ca?* ions 
has a strong effect on the excitability of nerve and muscle cells. 
A theoretical model has been worked out which accounts for the 
shape of the curve of gna vs. @ and the shift of this curve caused 
by the change of the concentration of Ca?*+ ions, which block the 
channels. It is supposed that the membrane contains activating 
particles capable of being in two states, A and B, the transitions 
A = B being associated with the performance of work in an electric 
field. Such transitions may consist of the movement of a charged 
molecule and the rotations of dipoles or the change of the confor- 
mation of the macromolecule. In state A the particle forms an 
A-Ca complex with Ca?*, and in state B it contributes to the passage 
of Nat ions through the channel. The model corresponds to the 
following scheme: 


A+Ca = Ca*++ A = Ca2*+B 
The solution of the corresponding kinetic equations yields: 


Zany 


In[Ca?+] — RT 


=const (41.32) 


and the quantity Ag with an e-fold change of the Ca?*+ concentration 
is equal to RT/(za¥), which gives7 mV at za = 3.5 in good agree- 
ment with experiment. 

On the basis of similar conceptions it is also possible to consider 
the inactivation of the membrane. 

Experiment shows that when the conductance of the axon mem- 
brane undergoes change, i.e., upon its excitation, there really occur 
some structural changes. There have been observed changes in 
light scattering (Cohen, Hille, and Keynes), in fluorescence (Tasaki 
et al.), in birefringence of the membrane (Berestovsky), caused by 
the change of g. The properties of individual channels have been 
studied by Ermishkin. 

Direct proofs for the displacement of charged particles that enter 
the membrane structure under the action of the field have been 
obtained by Armstrong and Bezanilla. 

The structural rearrangement of the channel caused by a change 
in the external electric field manifests itself in the presence of an 
additional component of the displacement current, called the gating 
current. The measurements were carried out on axons in which the 
internal medium was replaced by a potassium-free solution and 
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the sodium ions were expelled from the external solution. The 
conductance of the channels was suppressed by tetrodotoxin.. In 
order to average large fluctuations, use was made of a storage element. 
The experiment was as follows: a positive rectangular pulse was 
applied to a fibre that, had been preliminarily hyperpolarized to 
—90 or —100 mV. At the start and finish of the pulse there were 
observed transient currents directed to the exterior and interior 
of the axon. For the capacity charging current to be taken into 
account, analogous measurements were carried out for a negative 
voltage pulse. The results of the first and second experiments were 
summed up algebraically. In this way there was singled out the 
smal] asymmetric component of the gating current. This current 
depends exponentially on time, its relaxation time being close 
to the relaxation time of the m-variable in the Hodgkin-Huxley 
model (page 390). One may therefore expect that the gating current 
is really associated with particles that open and close the Nat 
channel. Other facts have also been obtained which confirm this 
supposition. 


11.5. Synaptic Transmission 

When the impulse reaches a nervejfibre ending, it either performs 
its function at a neuromuscular (myoneural) junction, inducing 
muscular contraction, or is transmitted to another nerve fibre. 
In either case there is accomplished a synaptic transmission of the 
nervous impulse. The synapse is a functional intermembrane junction 
between two excitable cells. 

Modern biology has at its disposal a wealth of information con- 
cerning the synaptic transmission. These data are still insufficient 
for a molecular theory to be constructed but allow us to outline paths 
for its development. 

The distance between the presynaptic and the postsynaptic mem- 
brane—the synaptic cleft—varies from 15 to 20 nm. In the myoneural 
junction the gap is even larger, up to 50-100 nm. At the same time, 
there are synapses with closely spaced and even merging presynaptic 
and postsynaptic membranes. Accordingly, two modes of synaptic 
transmission (or synaptic conduction) occur: electrical and chemi- 
cal. Chemical transmission is accomplished if the cleft is large; 
with cells being in close contact direct electrical transmission is 
possible. We shall here be concerned with chemical transmission. 

In chemical transmission, the nerve impulse that reaches a nerve 
fibre terminal involves a chemical mechanism, which amplifies the 
electrical signal. This mechanism consists of the release of a special 
substance, a synaptic transmitter substance, which is synthesized 
and stored in nerve endings, its reception by specific centres of the 
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postsynaptic membrane, and of the alteration of the membrane 
permeability, as a result of which a new impulse is triggered. Among 
the transmitter substances are, in the first place, acetylcholine 
(ACh) 


H,C\ ° 
H,C—N*—CH,—CH,—O—CO—CH; 

3f 
and other related compounds. Acetylcholine is concentrated in tiny 
membrane-bond sacs—the vesicles of presynaptic endings. The 
presynaptic mechanism is neurosecretion, i.e., the release of acetyl- 
choline from the vesicles under the action of the nerve impulse. 
Estimates of the number of acetylcholine molecules released per 
impulse give several millions. 

The postsynaptic membrane of the myoneural junction has been 
found to contain a high concentration of acetylcholine esterase (AChE), 
an enzyme that catalyzes the hydrolysis of acetylcholine. It has 
been shown that the receptor substance is a special hydrophobic 
protein. This protein was isolated from the membranes of nerve 
endings. It has a high affinity for acetylcholine and other cholinergic 
substances. De Robertis proposed a model of the postsynaptic 
membrane (Fig. 11.21). According to De Robertis, the membrane 
has discrete receptor regions. The protein receptor, which has a hy- 
drophobic surface, passes through the lipid layers of the membrane 
and creates channels in it. The walls of the channels are formed 
by four parallel protein molecules. Acetylcholine esterase is present 
as an individual molecule. Acetylcholine attaches itself to the 
active site of the protein receptor on its external surface. As a result 
of this binding (a strong ionic interaction), conformational and 
translational transformations occur in the membrane, leading to 
changes in its ionic permeability. 

The role of acetylcholine esterase (AChE) consists mainly in 
hydrolyzing acetylcholine. If acetylcholine were not hydrolyzed, 
it would have blocked AChE, and synaptic transmission would 
have been stopped. Such action is exhibited by the competitive 
inhibitors of AChE, in particular, the vegetable poison curare and 
other alkaloids. Consequently, muscle innervation is also blocked. 

It has been shown experimentally that the transmitter ACh does 
really increase the permeability of the end plate of the neuromuscular 
junction to Nat and K* ions simultaneously and to the same extent. 
The permeability to Cl- is not affected by ACh. The electrical effect 
of the action of the transmitter is similar to a short-time “puncture” 
of the membrane. 

Let us return to the presynaptic region. Data are available, which 
indicate that the release of small amounts of ACh occurs also in the 
resting state, independently of the nerve impulse. The impulse 
strongly increases this activity during the time of the order of 
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4 ms. Spontaneous neurosecretion is not caused by the leakage of 
ACh from nerve endings by way of accidental diffusion. Spontaneous 
neurosecretion is a quantized release of acetylcholine, in which 
portions of ACh are released at random moments of time by the 
“all-or-none” law from the discrete points of the terminal axon 
membrane. The magnitude of a “quantum” of ACh does not depend 
on the changes of the membrane associated with the nerve impulse. 
The impulse alters by hundreds of thousands of times the probability 
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Fig. 11.24. A schematic representation of the macromolecular organization of 
the postsynaptic membrane according to De Robertis. 
LP—lipoprotein; PI—phosphatidylinositol. 


Synaptic cleft 


of quantum release. The postsynaptic membrane potential, which 
arises under the influence of a nerve impulse, is composed of a large 
number of miniature end-plate potentials created by individual 
portions—ACh quanta. The number of “quanta” participating in the 
reaction at a single myoneural junction depends on the presence 
of Ca?*+ and Mg?+: the Ca?+ ions stimulate the secretion of acetyl- 
choline, and Mg?* ions inhibit it. 

It has been proved that each response to a nerve impulse is com- 
posed of a whole number of ACh “quanta” and the release of one 
“quantum” is an event with a very low probability (p <1). The 
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number of nerve impulses, in which z portions (“quanta”) of ACh 
are released, must be expressed by Poisson’s law: 


x 
Px == em 
where x = 0, 1, 2, ... is the number of ACh portions; m is the 


average number of portions released by a single impulse. In the 
system studied 


Average response amplitude __ 0.933 mV 


m= Kverage amplitude of spontaneous potentials 0.4 mV "°° 


The coincidence of the calculated and observed values of px has 
been found to be excellent. In particular, according to Poisson’s 
law, 


n fe 
P= =e 

where n, is the number of null responses equal to 18 in the series 
considered; N is the total number of nerve impulses equal to 198; 


ei preci 
No 18 
instead of the experimental value 2.33. 

The “quantization” of the acetylcholine released compels us to 
believe that neurosecretion is a cooperative molecular process that 
may be treated on the basis of electronic-conformational interac- 
tions. The same ideas may prove useful for understanding of the 
nature of the generation of a nerve impulse in response to the action 
of a transmitter substance. Construction of appropriate kinetic 
models is a feasible task, but we have at our disposal insufficient 
information about the molecular structure of synaptic systems. 

The problems of synaptic transmission are linked up with the 
investigation of neuron networks, by means of which the higher 
nervous activity is modelled. The existing models are mathematical 
rather than physical, since no sufficient knowledge of these pheno- 
mena is available at present. 
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12.1. Thermodynamics of Mechanochemical Processes 

It has been shown in the preceding chapters how the chemical energy 
stored in the cell in ATP molecules is transformed to osmotic and 
electrical work. We shall now turn to mechanochemical processes, 
in which the chemical energy is converted to mechanical work. 

Life is impossible without mechanical motion. The cells and 
organisms perform mechanical work, while moving as a whole and 
setting into motion their functional parts in a gravitational field 
by overcoming the resistance of an air or liquid medium, etc. Mecha- 
nical work is done under isothermal and isobaric conditions. It is 
thereby performed at the expense of chemical rather than thermal 
energy. 

The conformational transformations of proteins imply the spatial 
movement of atoms making up macromolecules. If they are moving 
in the field of external forces, mechanical work is done. It can be 
done at the expense of the free energy liberated in the course of an 
enzymatic reaction. Hence, we may treat the conformational 
transformation of a protein as a mechanochemical process. However, 
as far as an enzymatic reaction in a solution is concerned, such an 
interpretation is meaningless. Any chemical reaction involves the 
motion of atoms, but this is not enough for such a reaction to be 
called a mechanochemical process. 

Speaking of mechanical work, we imply a supermolecular macro- 
scopic structure. If the molecules of an enzyme belong to the struc- 
ture of such a system, then with its appropriate organization it can 
execute mechanical motion and perform work at the expense of the 
free energy of an enzymatic reaction. Hence, the working substances 
of mechanochemical systems in living organisms may be protein- 
enzymes. Moreover, they must be protein-enzymes. The source of 
mechanochemical work is chemical energy. But no biochemical 
reaction can proceed without enzymes. The mechanochemistry of 
living systems is enzymatic mechanochemistry. 

A mechanochemical process can be accomplished by a cyclically 
operating machine which reverts to the initial state after each cycle. 
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The transitions of working substances from‘one chemical potential 
to another with the simultaneous performance of work occur in 
a medium that is external to the machine. The role of such a machine 
can be played by a polymeric polyelectsolyte fibre, whose length 
is changed with change of the pH of the medium. 

The overall change of the internal energy of the system is 


dE =TdS—dW+))p,dn,+pde+... (12.4) 


Here dW is the work done by the system; dn; is the amount of sub- 
stance i delivered from the reservoir into the system at a chemical 
potential ;; p de is the electrical work. We shall confine ourselves 
to thermal, mechanical, and chemical processes, omitting p de and 
the subsequent terms of the equation. We shall consider a homo- 
geneous fibre of length / stretched by a force f. We have 


dE=TdS—pavV+fdl+ > p, dn, (12.2) 
The integrated form of this equation is 
E=TS—pV + fl+>, Hilti + Ugg (12.3) 


where mg is the number of molecules that make up the fibre. 

Suppose that there is only one reacting component. Hence, at 
constant p and T the system has two degrees of freedom, say, f and p. 
The operating cycle of the mechanochemical machine may be depict- 
ed on the f-l plane. To each value of » there will correspond a curve 
of Z vs. f, which may be called an isopotential (like an isotherm on 
the p-V plane for a heat engine). All the points of such a curve can 
be obtained from a mechanical experiment carried out at a constant 
value of uw. Conversely, the J (f) curve at a constant value of n is 
similar to an adiabatic. Such a curve is called an isophore. On the 
ut-n plane the isopotentials and isophores are represented by straight 
lines parallel to the coordinate axes (Fig. 12.1). The curves of p vs. n 
on such a plane may be called isotonic at constant force and isometric 
at constant length of the specimen. 

The cycle on the f-l plane is shown in Fig. 12.2. The work is given 
by the following expression: 


W=—$fdl= j udn-+ \ udn=(p,—p,)An (12.4) 
f 3 
one expression is similar to the expression for the work in the Carnot 
cycle: 


W=¢ pdV=(T,—T,) AS 
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An essential difference is that the mechanochemical machine cannot 
be characterized by the efficiency of the cycle similar to 


Nheat = (Ti — T,)/T, 
since the chemical potential has no absolute zero. The efficiency 
of the mechanochemical process may be represented by the ratio 


of the work performed in a real cycle to the work of an ideal rever- 
sible cycle: 


n = — hf duh pdn (12.5) 


Let us now consider nonequilibrium thermodynamics. The extension 


Fig. 12.1. The mechanochemical cycle Fig. 12.2. The mechanochemical cycle 
on the p, n plane. on the f, J plane. 


of a polymeric mechanochemical fibre in an isobaric and an isother- 
mal process causes a change in free energy: 


(dG)r, p=fdl—-A dg (12.6) 


where .f is the affinity; € is the chemical reaction coordinate (the 
extent of reaction or the degree of advancement of a chemical reac- 
tion). Equation (12.6) defines the internal mechanochemical force 
and the affinity: 


t=(S er (12.7) 

es —( + ), ea (12.8) 
In the equilibrium state these quantities are equal to zero. We have: 
(Sr) f= (Gee )e + (ara) 88 = (37), + (2), 88 


(a), = —4=( agar)" 8+ (er JP" = (GE), 8¢— (SE), 8 
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Ilere the superscript “eq” stands for the equilibrium state; 61 and 5& 
are the deviations of J and § from equilibrium values. The relations 
written above yield: 


af) _( @G yea "a4 
(a¢).= (gear) =| al )e (2:2) 
It means that if (0f/0&), is different from zero, the affinity 4 will 
depend on the length 1. 
Katchalsky and Oplatka have constructed a continuously working 
machine, in which a polyelectrolyte fibre (collagen) is alternately 
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immersed in a salt (LiBr) solution and in pure water (Fig. 12.3). 
The operation of the machine is stopped when, as a result of the 
transfer of small ions by the fibre into water, the chemical potentials 
of both reservoirs are equilibrated. When the operation of the machine 
is reversed, it can serve for extracting the salt from the solution. 
The polyanionic fibre is shortened with decreasing pH, say, upon 
addition of HCl. The increase of nyc, lowers J at constant force f, 


i.e., 
( Fa ), =e 


Conversely, under isometric conditions the addition of HCl in- 
creases the force: 


( Simar ),>° 


onycl 


The reverse effect consists in changing the pH of the medium sur- 
rounding the polyanionic fibre if it is stretched. Thus, 
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The mechanochemical nature of a biological contractile system 
was disclosed by Engelhardt and Lyubimova (1939), who studied 
myosin, a protein of the muscle fibre (see page 413). When ATP is 
added, there occurs a reversible contraction of myosin fibres. 

The mechanochemistry of polyelectrolytes is governed by the 
conformational transformations of macromolecules. These transfor- 
mations are cooperative. The dissociation constants of the groups 
being ionized in a polymer differ from those in a monomer because 
of the electrostatic repulsion of the neighbouring charged groups 
which depends on the chain conformations. These phenomena are 
reflected in the curves of potentiometric titration (see Sec. 3.7). 

At not too small forces f sufficient for the polyelectrolyte chain 
as a whole to be oriented, the chain length is expressed by the fol- 
lowing equation (see Sec. 3.1): 


B= gle hi (12.10) 
The mean square distance between the chain ends, h?, depends on 
the degree of ionization a, i.e., on the pH of the medium. If 
dniida > 0, the polyelectrolyte chains are stretched upon ioniza- 
tion under the action ofa constant:force and contracted with a decrease 
in the degree of ionization. If the sign of the derivative is nega- 
tive, the effect of the pH of the medium is reversed. The second 
case occurs in synthetic polypeptides—the size of the coil is reduced 
with increasing a, since the increase of the degree of ionization de- 
stroys the helical structure. In the general case 


hi ~ (h2)a=0 exp ( see ) 


kT (12.11) 
where AE is the difference in the energy of interaction of free charges 
between the coiled and extended chain conformations; AE is the 
measure of cooperativity of the system: if AZ is equal to zero, the 


chain is noncooperative and he is independent of the degree of ioni- 


zation a. The sign of the derivative dhj/da depends on the sign 
of AE. The same theory permits one to find out how the pH of the 
medium is changed on extension of the chain. 

The above-described cooperative mechanism is not the only one; 
polyelectrolyte mechanochemical processes determined by changes 
in the degree of ion binding are also possible. 

Thus, the changes in the chain conformations brought about by 
the changes of the chemical environment under the action of a con- 
stant force perform mechanical work. In turn, the acting force must 
alter the chain conformations. Theory shows that if the applied force 
is not too large, it stabilizes the helical conformation of the chain. 
Conversely, a large force stabilizes the conformation of a strongly 
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extended coil. In charged chains, not too large an external force 
causes an increase in the degree of dissociation which brings about 
helix-coil transitions at a fixed temperature. With a large force 
the degree of dissociation that causes suth a transition may be 
fower than in the absence of a force. Depending on the magnitude 
of the applied force, the helix-coil transition may involve an increase 
or a decrease in the chain size in the direction of the force. 

Biological contractile systems, which accomplish mechanochemi- 
cal processes, are far from being simple polyelectrolyte models. 
However, the properties of polyelectrolytes are essential for the 
understanding of mechanochemical phenomena. 

There is every reason to believe that the chemical energy required 
in mechanochemical processes is supplied by macroergic substances, 
adenosine triphosphate (ATP) in the first place. The hydrolysis of 
ATP occurs with the participation of ATPase. The working sub- 
stances for mechanochemical processes are contractile proteins. The 
discovery of the ATPase activity of one of such substances, the 
myosin of the muscle, made by Engelhardt and Lyubimova, is the 
pivotal point in the entire biological mechanochemistry. 

In dealing with biological mechanochemical processes we shall 
focus our attention mainly on muscle contraction. 


12.2. The Structure of the Muscle and Muscle Proteins 

All vertebrates, including man, have three distinctly different 
types of muscle—smooth muscles in the walls of hollow organs; the 
cross-striated cardiac muscles, and the cross-striated skeletal mus- 
cles. We shall mainly be concerned with skeletal muscles. 

Muscles have a fibrillar structure. Under the ordinary microscope 
we can, without difficulty, observe the striated structure of muscle 
fibres. An individual muscle fibre has a diameter of 0.02-0.08 mm 
(20-80 um). It is surrounded by a membrane about 0.04 um thick. 
The fibre is formed by 1000-2000 thin strands of contractile material, 
myofibrils 1-2 wm in diameter. The fibrils have a sheath formed by 
tubules and vesicles of the sarcoplasmic reticulum. The microscopic 
structure of the myofibril is shown in Fig. 12.4. Myofibrils are in 
turn made of bundles of protein strands—thick and thin filaments. 
The symmetry of their arrangement in the cross-section is hexagonal 
(Fig. 12.5). Figure 12.6 shows the longitudinal cross-section of the 
myofibril; its structure is schematically depicted in Fig. 42.7. 
The thick lines in Fig. 12.6 (they are also clearly seen in Fig. 12.4) 
represent the so-called Z-lines—the longitudinal cross-sections of 
Z-discs. A package of myofibrils between two Z-lines is called a sar- 
comere. The sarcomere is divided into several zones, which are clearly 
observed under the polarizing microscope. The central line A is 
anisotropic; it exhibits birefringence. It is flanked by two isotropic 
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I-bands. On stretching of the resting muscle, in the middle of the 
A-band there appears an H-zone of lesser density. These structural 
details are shown schematically in Figs. 12.6 and 12.7. 
Electron-microscopic studies carried out by Huxley and Hanson 
disclosed the arrangement of thick and thin protein strands (myo- 
filaments) in the sarcomere (Figs. 12.5 and 12.7). The thick filaments 
are made of the protein myosin; the thin filaments are composed 


Fig. 12.4. An electron micrograph of the myofibril of the frog muscle. 


of a second protein, actin. Each thick filament consists of 180-360 
longitudinally oriented myosin molecules responsible for the aniso- 
tropy of the dense A-band. The less dense I-band is formed by thin 
filaments of the protein actin, whose molecules are double helices 
(the F-form of actin) formed by the polymerization of the globular 
G-actin. In the sarcomere the number of G-globules is about 800 per 
one thin filament. The thin filaments of F-actin pass through the 
Z-discs. 

The actin filament is a double helix, with G-subunits recurring 
every 5.46 nm along each of the two filaments with a distance of 
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36-37 nm between the points of intersection. The diameter of the 
double helix of actin is 6-8 nm. The thick filaments of myosin are 
14 nm in diameter. Protruding from the myosin filament are the 
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Fig. 12.5. Schematic representation 
of a portion of a cross-section of the 
myofibril: 


1—thick filaments; 2—thin filaments. 


Fig. 12.6. The longitudinal cross-sec~ 
tion of the myofibril with three differ- 
ent lengths. 


“heads” which are arranged in a helical manner on the filament. 
At a given level, two protruding heads are opposite each other. 
The next two protruding heads are a distance of 14.3 nm apart and 
are turned relative to the first 
pair at an angle of 122°. The 
structure as a whole recurs with 
a period of 3 x 14.3 = 42.9 nm. 
Myosin is a fibrillar protein— 
it consists of molecules 150 nm in 
length and about 2 nm in dia- 
meter. The thickened end of the 
molecule (“head”) has a length of 
about 20 nm and a width of about 
4nm. A detailed electron-micro- Fig. 12.7. The structure of the sarco- 
scopic study of myosinhas led to mere (schematic). 
the results presented in Fig. 12.8. 
The myosin molecule is com- 
posed of light meromyosin (LMM) and heavy meromyosin (HMM), the 
latter being made up of two fragments, S-1 and S-2. The molecular 
masses and sizes of these fragments are given in Fig. 12.8. The long 
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right part of the molecule is a double superhelix. The total molecular 
mass of myosin is 5 x 10°, and the degree of a-helicity is high (about 
58 percent). 
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Fig. 12.8. The structure of the myosin molecule (schematic). The longitudinal 
dimensions of fragments and their molecular weights are indicated. 


Fig. 12.9. Schematic representation of Fig. 12.10. The structure of the 
the aggregation of myosin molecules. thin filament (schematic). 


During the formation of thick filaments the myosin molecules 
undergo aggregation, presumably as a result of electrostatic interac- 
tions between their tails (LMM). The pattern of aggregation is shown 
in Fig. 12.9. The heads protruding from a thick filament are made 
up of the S-1 fragments of HMM. 
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The spheroidal monomers of G-actin have a diameter of about 
5.0 nm and a molecular mass ranging from 46,000 to 47,000. The 
degree of a-helicity is about 30 percent. The polymerization of 
G-actin to F-actin involves ATP and takes place as_ follows: 

n(G-actin-ATP) = (F-actin-ADP)n-+nP; 
The polymerization in solution proceeds in the presence of salts, 
in particular Mg?t. 


Fig. 12.44. The sliding filament mechanism of muscle contraction: 


(a) The normal structure of the fibre. (b) The extended fibre. ‘(c). The strongly shortened fibre. 
hight: a cross-section. 


In thin filaments, apart from actin, there are present other pro- 
teins—tropomyosin and troponin. Tropomyosin has a molecular mass 
of about 70,000; it is composed of molecules about 45 nm in length 
with the long-to-short axis ratio of an effective ellipsoid being larger 
than 20. The degree of a-helicity of tropomyosin is about 90 percent. 
Troponin is a globular protein made up of three components with 
molecular masses 37,000, 23,000, and 19,000 (the sum total being 
equal to 79,000). The molecules of tropomyosin are arranged along 
cach of the grooves of the double helix of actin, the troponin globule 
residing near the end of each tropomyosin molecule. One molecule 
of tropomyosin is in contact with seven G-actin molecules (Fig. 12.10). 
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So far we know little about other regulatory proteins of myofib- 
rils—about o- and f-actinins and M-protein. 

Vazina and coworkers have established that various contractile 
proteins form in solution anisotropic liquid-crystalline structure 
capable of polymorphic transformations. As we have seen (page 301), 
these properties determine the functionality of biological membranes. 
One might expect that these liquid-crystalline properties of contrac- 
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Fig. 12.12. The change in the angle 


tile proteins are essential to 
muscular contraction. 

Light and electron microscopy 
have enabled the elucidation of 
the basic structural features of 
muscle contraction. 

When the muscle contracts 
(is shortened), the I-bands are 
narrowed without change of the 
extent of the A-band; the Z-discs 
move to each other. Finally, the 
I-bands disappear entirely, and 
in the centre of the sarcomere 
there appears a compacted por- 
tion. The volume of the sarco- 
mere is changed but slightly on 
contraction; hence, the sarcomere 
becomes thicker. This is shown 
schematically in Fig. 12.6. 


between{the cross-bridges and the thin 
filament. 


1 and +2—successive moments of motion; 
A—actin; M—myosin. 


Electron micrographs show 
that during contraction the thick 
and thin filaments telescope 
together by sliding past each 
other, as a result of which the 
sarcomere becomes shortened. This is the sliding filament model 
of muscle contraction developed by H. Huxley. 

The interaction of thick and thin filaments occurs via the HMM 
heads of myosin which form cross-bridges that link these filaments. 
In the normal physiological state of the muscle, the thick and thin 
filaments overlap in such a manner that all possible bridges can be 
formed (Fig. 12.11a); this does not occur when the muscle contracts 
strongly (Fig. 12.116). With large shortening the thin filaments 
undergo deformation (Fig. 12.41c). 

Myosin is responsible for the anisotropy of the A-band: in the 
I-bands there is no myosin present and, hence, the thin filaments 
themselves do not produce anisotropy. 

In the sliding filament model each bridge operates cyclically. 
The bridge pushes or pulls actin to the centre of the A-band to 
a distance of the order of 5-10 nm; then it splits off from actin and 
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again attaches itself to actin at another point which was initially 
at a larger distance from the centre of the A-band. The cycle then 
repeats. The continuous movement of the actin filaments occurs as 
a result of the asynchronous action of the bridges. 

The pushing or pulling force developed by the bridge may arise 
only as a result of a conformational change. Such a change may 
bring about either an active alteration of the angle at which a HMM 
head is attached to a thin filament or a change of its shape. Experi- 
ment shows that the connection between bridges and thick filaments 
is flexible and their linkage with thin filaments is very rigid. Fig- 
ure 12.12 presents the model of displacement of a thin filament caused 
hy the change of the angle at which a bridge is attached to it. 

When the muscle is in the rigor state, there are formed rigid 
and immobile links between bridges and thin filaments. The helical 
periodicity is upset, the 42.9 nm spacing disappears entirely and is 
replaced by layer lines which can be indexed either on a 36 nm 
or 38 nm helical repeat. On the other hand, the 14.3 nm spacing 
remains unchanged. These phenomena can also be accounted for 
by changes in the disposition of the bridges with the main backbone 
of the thick filament remaining intact. 

The above-described structural picture, which is consistent with 
the sliding model, has been convincingly verified. The physical 
theory of muscle contraction must be based on this model taken as 
an experimental fact. The molecular interpretation of muscle contrac- 
tion must take into account the results of biochemical and physical 
investigations in addition to structural findings. 


12.3. The Chemistry and Physics of the Muscle 

The biochemistry of the muscle is based on the enzymic activity 
of myosin (see page 410)—its ability to catalyze the hydrolytic 
cleavage of ATP. The scheme of the reaction is as follows: 


ADP 
M-+LATP = M-ATP = Me st M+ADP+P, 
Pp 


The reaction strongly depends on the ionic medium, on the presence 
of divalent cations. In the muscle it occurs at pH = 7.4. For the 
reaction to proceed in vitro it is necessary that Ca?+ ions be present; 
it is optimal with the concentration of these ions being equal to the 
concentration of ATP or somewhat greater. The Mg?* ions inhibit 
the ATPase activity of myosin in vitro. 

In the muscle, myosin functions upon interaction with actin— 
ns has been pointed out, through HMM bridges—in the actomyosin 
complex. Under these conditions the Mg?* ions exert an activating 
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effect. Thus, for the ATPase activity to be exhibited in vivo, both 
Ca?* and Mg?* ions are required. 

The activation of the striated muscle occurs as a result of the 
transmission of a nerve impulse to it. Muscle contraction can also 
be initiated by an artificial electrical pulse (Galvani experiments). 
The action of the impulse leads to an increase in the concentration 
of Ca?* ions which interact with a fibril. Each fibril is enwrapped 
by a complex system of longitudinal and transverse thin tubules 
and vesicles known as the sarcoplasmic reticulum. It has been proved, 
with the aid of labeled *“*Ca atoms, that the transmission of the 
nerve impulse causes the extrusion of Ca?* ions from the reticulum 
into the gel-like cytoplasm (the sarcoplasm) which surrounds the 
protein filaments. The concentration of free Ca** ions in a relaxed 
muscle is very low, probably less than 10-7—10-® M. Upon activa- 
tion it increases by 2 or 3 orders. 

The reaction given on page 417 is accompanied by the subsidiary 
reaction called the Lohmann reaction: 


Creatine kinase 
ADP -+ Phosphocreatine —________ ATP + Creatine 


It has been proved that ATP is split just upon contraction of the 
muscle. Fluorodinitrobenzene inhibits creatine kinase and stops the 
Lohmann reaction. At the same time, it does not affect muscle 
contraction and the first reaction. It has been found, with the aid 
of this enzyme, that ATP is split during a single contraction (a 
twitch) and tetanus contraction. On the other hand, the reverse 
reaction of formation of phosphocreatine from creatine can be blocked 
by iodoacetate. In such a case, the consumption of phosphocreatine 
characterizes the amount of ADP formed during contraction. The 
amounts of ATP split on contraction correspond to the loss of phospho- 
creatine in the Lohmann reaction. 

The relaxation of the muscle to its initial state is determined by 
the expulsion of Ca?* ions from the sarcoplasm into the reticulum. 

Thus, the Ca?* ions regulate the contraction processes in muscles. 
Presumably, this occurs with the direct participation of troponin and 
tropomyosin (see page 415). In the absence of Ca?* ions troponin 
complexed with tropomyosin inhibits the interaction of actin with 
myosin bridges. The calcium that enters the sarcoplasm binds to 
troponin and suppresses its inhibiting action. Hence, Ca?* ions play 
the role of a derepressor and switches the thin filament over from 
the inactive to the active state. 

Let us now turn to the mechanical properties of the muscle which 
have been studied in a series of biophysical investigations carried 
out for many years by Hill and other authors. 

The term “contraction” applies to the muscle in two senses. J somet- 
rie contraction occurs in the muscle when it has a fixed length. In 
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this case, a tension develops without shortening. Conversely, isotonic 
contraction means that the muscle is allowed to shorten against 
a constant load. In this case, the muscle performs work, lifting the 
load. ° 

The experimental procedure of corresponding measurements was 
developed in the classical works of Hill and later repeatedly improved. 
Figure 12.13 shows the experimental setup: The muscle M is 
attached to one end of the lever. The other end of the muscle is 


To cathode 
tube’ 


To cathode 
tube 


Fig. 12.13. Schematic of the setup for studying muscle contraction. 


tied to a rigid support. Contraction is stimulated by electrodes EF. 
When isotonic twitches are to be studied, the muscle is loaded at 
position P. The tension is recorded by means of a tension transducer T 
at position A. When isometric tension is measured, the transducer 
is switched over to position B. An isotonic shortening is determined 
by the movement of the other end of the lever recorded by means of 
a photocell PC. The stop S controlled by an electromagnet EM is 
used to hold up a contraction at any desired length or to release an 
isometrically contracting muscle to any desired extent. Experi- 
ments with the frog sartorius muscle show that during the first 15 ms 
after the excitation of an isometric contraction there occur a series 
of changes determined by the release of Ca?* ions from the sarcoplas- 
mic reticulum. Here the tension begins to increase, reaching its 
maximum after 170 ms (at 0°C). Then it declines, disappearing 
completely after more than 1 s. During an isotonic contraction the 
shortening is diminished with increasing load P; its maximum is 
attained the earlier the larger the load. Then relaxation to the 
initial state takes place. The development of an isotonic tension 
in the muscle practically follows the same time course as the deve- 
lopment of an isometric tension. 
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Hill has empirically established the basic, characteristic equation 
in the mechanics of muscle contraction. It relates the steady velocity 
of an isotonic contraction (the velocity of shortening) V to the 
force (load) P and has a hyperbolic form: 


(P +a) V =b(P, + P) (12.12) 


where P, is the maximum isometric tension developed by the muscle 

or the maximum load against which the muscle supports without 
shortening; a and 0 are constants. 
At P = 0 the velocity of shorten- 
ing is maximal: 
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1.0 Vinax=b=2 (42.13) 
3 Conversely, at P = Py we have 
is V=0. At P>P, the muscle 
=n 5 is no longer shortened; it is 
o. stretched. This stretching does 
p> not obey Eq. (12.12). 


The constant b, which has the 
dimensions of a velocity, in- 
creases rapidly with temperature: 
on heating by 10°C near 0°C the 
constant 6 is doubled. The con- 
stant a varies from 0.25 Py, to 
0.4 Po. Hence, Vmax is 2.5-4 
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Fig. 12.14. The dependence of the 
maximum force on the length of 
the sarcomere. The solid line re- 
resents the data of Edman, and the 
Fotted line, the data of Shenberg 
and Podolsky. 


times greater than b. 

Hill's equation is valid only at 
a constant velocity of shortening. 
At the same time, the scope of its 
application is limited by muscle 


lengths close to physiological 

lengths. The maximal tension P, 
depends on the length of the sarcomere. Figure 12.14 gives tho 
dependence of P, on the relative sarcomere length in the muscle 
fibre: Py is maximal and corresponds to a certain plateau region 
in Fig. 12.14 at lengths close to physiological lengths. In this case, 
there is observed a complete overlap of actin filaments and the HMM 
heads of myosin filaments and, hence, there is a possibility of forma- 
tion of a maximum number of bridges (see Fig. 12.41a). With largo 
sarcomere lengths the overlap and the number of possible bridges 
declines (Fig. 12.11b) and Py also decreases. Finally, with extensive 
shortening the filaments are deformed (Fig. 12.11c) and Pp, again 
drops. Hill’s equation is valid in the plateau region, in the region 
of largest P, values, i.e., with sarcomere lengths ranging approxi- 
mately from 1.7 to 2.5 pm or at relative lengths from 0.9 to 1.25. 
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The quantity P, depends little on temperature, increasing only 
slightly with rise of temperature. This also refers to the constant a, 
which is proportional to Pp. 

The mechanical properties of the muscle are studied during a twitch 
or tetanic contraction. A single impulsé causes a single twitch. 
With sufficiently frequent impulses delivered one after another, 
say, with 15 impulses per second, the single twitches fuse to give 
a tetanus, since each of the successive impulses falls within the 
refractory period of the previous one (see page 381). The work done 
by the muscle on contraction is equal, according to Hill’s equation, to 


_ = Pyo—P 
W =PVt=bdPt Pa (12.14) 
The function W (P) is bell-shaped; W turns to zero at P = Py 
and P = 0 and reaches a maximum at P = [a (P, + a)}/? —a 
and since a ~ 0.25P,) at P ~ 0.31P). 

According to the sliding-filament theory, the tension developed 
by the muscle is entirely determined by the filaments of actin and 
myosin and Z-discs. All these elements are not quite rigid, being 
to some extent compliant. The terminal sarcomeres of the muscle 
fibre are attached to the connective tissue of the tendons and here 
there is also observed compliance, plasticity. Simultaneously, 
these elements impart some elasticity to muscle movement. The 
total contribution of elastic and plastic deformations does not, 
however, exceed 3 percent of the tension developed by the muscle. 
The muscle should, however, be treated as a viscoelastic body. 
As we shall see later, Hill’s equation describes only viscous flow 
in the muscle. 

The study of the viscoelastic properties of the muscle is important 
for the elucidation of its kinetic behaviour under nonsteady-state 
conditions (see Sec. 12.5). 

The maximal tension P, of the frog sartorius muscle is approxi- 
mately equal to 30 N/cm?, which corresponds to 3 x 10-!° N for 
one thin filament. Considering that each single element contains 
one myosin molecule and each closing-and-opening cycle of the 
bridge is accompanied by the splitting of one molecule of ATP, 
whose energy is used to the extent of 50 percent, we obtain the 
following characteristics of the single component: force, 3 x 10-1? N; 
distance, 10-§ cm; energy, 6 x 10-7° J (45 kT); time, 1 ms. 

While the contracting muscle is doing work, it liberates heat. 
The heat is also released on isometric contraction. During relaxation 
of the isotonic tension the falling load performs work on the muscle 
which is also converted to heat. 

At the early stage of the contraction process, before the tension 
has developed or before shortening has occurred, an activation heat 
Q, of the order of 4.2 mJ per 1 g of muscle mass is liberated. This 
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heat is presumably associated with the entry of Ca?+ ions into the 
sarcoplasm and with their interaction with the actomyosin system. 
Then, as the muscle is contracting and work is being done the heat 
of contraction Q, is liberated. If the muscle is shortened, the heat 
Q, is liberated faster than on isometric contraction during the 
same time. The total change of energy during the contraction process 
is given by 


AE=Q,+Q. + W (12.15) 


The rate of heat liberation is maximal in the region of the physiolog- 
ical dimensions of the muscle. Probably, Q, is associated with 
the maintenance of tension and arises as a result of the interaction 
between thick and thin filaments. 

In the Hill experiments, the muscle was continuously stimulated 
under isometric conditions, after which the muscle was suddenly 
released to a pre-determined shorter length, lifting the load. When 
this is done, it is always found that extra heat is given out over 
and above the isometric amount—the heat of shortening. This extra 
heat is proportional to shortening at constant load and to the load 
at constant amount of shortening. Under steady isotonic conditions 
the power of the muscle, i.e., the rate of energy liberation in the 
form of heat and work, is equal to 


E=W+oV+m=(4+P)V+m (12.16) 


where m is the rate of heat liberation on isometric tetanus contrac- 
tion; aV is the rate of liberation of extra heat. 

It has been found that if the muscle is capable of shortening, 
the total energy liberated by the muscle during a single twitch 
is greater than on isometric contraction. This is the Fenn effect. 

The mechanical efficiency of the muscle can be defined as the 


ratio of work done to the energy used: 
,_W_ ow 
1 =F =Wro (12.17) 


In the contractile phase y’ reaches 45 percent in a frog and 75 per- 
cent in a tortoise. In an ideal cyclical mechanochemical process 
that does work, the free energy remains constant: 


§ AG = 0 
or, according to Eq. (12.3), 
Of dl = —Opdn (12.48) 


[cf. Eq. (42.5)]. The value of »’ characterizes the deviation from 
Eq. (12.18), i.e., the degradation of the chemical energy into heat. 
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12.4. The Theory of Muscular Contraction 

The molecular theory of muscle contraction has not yet been 
worked out. A number of facts, however, have been satisfactorily 
interpreted. 

Oplatka advanced the theory of steady muscle contraction within 
the framework of nonequilibrium thermodynamics (1972). Muscle 
contraction is treated as a plastic flow with friction. Hill’s equa- 
tion (12.12) is used as an experimental fact and a relation is estab- 
lished between the speed of shortening V and the rate of ATP split- 
ting. 

A number of works are concerned with the electrostatic effects 
and make use of the polyelectrolyte model of muscle proteins. 
It is difficult to reconcile the possible electrostatic effects in a me- 
dium, which is a decinormal salt solution, with the observed large 
values of Po. 

Szent-Gyérgyi proposed in his time a contraction hypothesis 
hased on the quantum migration of energy along the quasi-crystalline 
network of water that surrounds myosin. These ideas are entirely 
speculative. Much later, McClare again addressed to the considera- 
tion of the resonance transfer of “molecular energy” in the muscle 
(1972). Davydov presumed that energy transfer occurs by way of 
the propagation of a soliton—a nondissipating wave of vibrational 
excitation of the C=O bonds in the a-helices of myosin. As a result, 
the thick filament is bent, causing the closure of the bridges (1973). 
These hypotheses have not yet been experimentally verified. 

Tonomura proposed a spectacular molecular interpretation of the 
sliding filament model (see page 416). The scheme suggested by 
Tonomura is given in Fig. 12.15. It is presumed that: (1) muscle 
contraction is associated with the phosphorylation and dephosphory- 
lation of myosin; (2) the conformation of the head of myosin is 
changed upon addition of ATP; (8) the F-actin-myosin linkage is 
split with the formation of a myosin-ATP complex at high ATP 
concentrations and of a myosin-phosphate-ADP complex at low 
ATP concentrations; the strength of the linkage depends on the 
conformation of myosin and of a complex of F-actin with a regula- 
tory protein, whose conformation is controlled by Ca?* ions; (4) the 
complete cycle occurs as a result of the splitting of the myosin-F- 
actin linkage after the conformational change of the myosin head 
caused by the liberation of energy. The linkage is re-formed when 
the myosin molecule regains its initial form. 

The conformational changes in myosin and actin under the 
{nfluence of ATP and in the contracting muscle have been established 
by many methods. They have, however, been studied not sufficiently 
for the model similar to the one described above to besubstan- 
tiated. 
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We have already mentioned the liquid-crystalline properties of 
contractile proteins (see page 416). When the muscle shortens, the 
repeat period of the lattice made up of protofibrils is changed. When 
the lattice of thin filaments is inserted into the lattice of thick fila- 
ments, the tetragonal symmetry is replaced by hexagonal symmetry. 
This may be looked upon as a polymorphic transition in the liquid- 
crystalline system. The question requires further investigations. 
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Fig. 12.15. Diagram showing the operation of the cross-bridge: 


S-1B is the part of the “head” of myosin that contains an active site of ATPase and a bind 
ing site to F-actin; S-1A contains only a binding site to F-actin; 1—arrival of Ca*+, bind- 
ing of S-1B; 2—phosphorylation; 3—dephosphorylation, a conformational transition, slid- 
ing; 4—binding of S-1A; 5—formation of a complex of myosin with ADP and P;; 6—dissocia- 
tion of the bond of S-1B, a spontaneous conformational transition; 7—the bond exchanue 
S-1A + S-1B; 8—rupture of the bridge. 


The first attempt to work out a quantitative physical theory 
based on the sliding model was undertaken by A. Huxley (1957). 
He assumed that the active projection of HMM (designated as M, 
myosin) oscillates along the thin filament, while the active centre 
of actin (A) is immobile. The reactions involved are as follows: 

A+M-AM (formation of a bridge) 
AM+ATP— A*ATP-+M (breaking of the bridge) 
AeATP - A-ADP-+P, (splitting of ATP) 
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A kinetic problem is solved, the rate constants of the first two reac- 
tions being assigned certain dependences on the distance between A 
and M along the myofibril. The solution takes account of the relative 
movement of A and M during the shortening of the sarcomere. The 
numerical choice of a number of parameters leads to agreement 
with the results of calculation of P (V) by means of Hill’s equation. 

The Huxley theory was refined by Deshcherevsky (1968). Three 
states of the bridges are considered: closed bridges which develop 
a pulling force; closed bridges which retard the sliding of filaments; 
and open bridges. The bridges are closed, independently of each 
other, and pull the filaments, causing active contraction. The same 
bridges then retard the movement, since the filaments have been 
displaced and, finally, the bridges are broken. Let ny be the total 
number of active HMM heads in half of the thick filament, n the 
number of pulling bridges, and m the number of retarding bridges; 
and so we obtain 


n=ky(m)—n—m)—Tn (12.19) 


m = — n—kym (12.20) 
Here v/L is the rate constant of the conversion of pulling bridges 
to retarding bridges which is equal to the velocity of relative move- 
ment of filaments, v, divided by the distance L between two neigh- 
bouring active centres of actin, on which the bridge can be closed. 
These equations are supplemented by the expression of Newton's 


second law: 
Mv = fy (n—m) — fy (42.21) 


where M is the mass moved; fy is the active force developed by 
a single pulling bridge; f is the external force (load) per one bridge. 
Equation (12.21) describes movement with friction expressed as 


fom. Under steady-state conditions n=m=Oandv=0. Omitting 

n, m, and ny from Eqs. (12.19), (12.20), and (12 21), we find that 

(ft+ajv=b(fr—f) (12.22) 

This equation coincides with Hill’s equation (12.12). All the quan- 

tities in Eq. (42.22) are referred to a single bridge; v is the velocity 

of shortening in half the sacromere. The constants a and b are ex- 
pressed through k,, k,, fp, and L: 

a = kyfo/(ky + ke) (12.23) 

b = kk Li(k, + ke) (12.24) 

Thus, we see that the Hill empirical equation can be derived 


theoretically. The equation corresponds to the steady sliding of 
filaments with the frictional force being proportional to the velocity. 


2 
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We see that the Deshcherevsky cycle does not include the reverse 
processes. If these processes are taken into account, we obtain 
(see page 328): 


kyke > = h_qkok_s 


and if k_,, k-, <<k,, k,, then k_, >> v/L. There must thus be a sec- 
ond cycle that drives the cycle under consideration. This second 
cycle is a closed chain of chemical transformations during which 
ATP is split. 

This theory provides a correct solution for steady isotonic contrac- 
tion but it does not account for the tension arising during isometric 
contraction. 

We shall now expound the theory of steady contraction based 
on the theory of absolute reaction rates (Volkenshtein, 1969). 

This theory rests on the sliding filament model with friction. 
A pulling or pushing force arises as a result of the closure of a bridge 
and of the succeeding events involving the conversion of the chemical 
energy of ATP to the energy of the conformational change of the 
protein contractile system. Each bridge develops tension fy when 
being closed. It is the closing and opening of the bridge that produces 
friction between filaments. Newton’s second law will be rewritten 
in the form 


MV = P'—P—BV (42.25) 


where M is the mass being moved; P is the applied tension; P’ is 
the tension developed; BV is the force of friction. Under steady- 


state conditions V = 0. Let us represent P in terms of nof, where 
ny is the maximum number of operating bridges. The bridges operate 
asynchronously, and at a given load only a certain effective number 
of bridges participate in the shortening of the muscle, n = wn, 
where w<1. While being closed, these bridges develop tension 
P' = nf, = wnof,. So they are responsible for the internal friction 
and, hence, B = Bn = Bwny. The value of w depends on P, i.e., on f. 
We obtain for steady-state conditions: 


wf, — f — puv = 0 (42.26) 


whence 
net f ee De 2.27 
B ( ° oa) (4 : ) 


The physical assumption consists in that w = n/n, is a function of 
the force f alone but not of the velocity v. The dependence of w 
on v results only from the fact that the force depends on the velocity. 
This supposition is independent of the law of forces (12.25) and 
(42.26). Let us find the shape of the function w (f). At maximum 
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load Py the load is held by all the bridges, i.e. n (fy) = mow (fo) = 
= my and w (fy) = 1. Correspondingly, according to Eq. (12.27), 
at f =f, the velocity v = 0. At f = 0 the minimum number of 
bridges are working, n (0) = now (0) = mmy and w (0) = nmjn/ty = 
=r< 1. The maximum velocity of shortening at f = 0 is equal to 

Vmin = fo/B (42.28) 


We shall naturally assume that the tension developed by the 
muscle during an isometric contraction or the load which the muscle 
bears during an isotonic contraction is linearly dependent on the 
number of acting bridges, since each of them develops a constant 
tension f,. Hence, 


= Nof = (A + Cn) fo 


At f = fy we have n = ny and ny = A + Cn; at f = O we obtain 
n=Npin =n, and A = —Crny. We find that 


w=ning=r+ (i —nr) ff, (12.29) 


Substituting this expression into Eq. (12.27), we obtain Hill’s 
equation in the following form: 


»(45 fot f)=2 ae (h—-N (12.30) 
Thus, the constants a and b are given by 
a=7— fy (12.31) 
Tr f a 
a a lam (12.32) 


Iixperiment gives a ~ 0.25 fy. Hence, r/(1 — r) ~ 0.25 and rz 
x 0.2. From Eq. (12.30) it follows that 


Vmax = * = 42 bw 4b (12.33) 


The friction is determined by all the events that occur when the 
bridge is closed. The elementary act is now considered to involve 
the closing of the bridge, the hydrolysis of one molecule of ATP, 
the conformational change of the bridge, the performance of work 
{ol (where LZ is the path of a single shortening) and the opening of 
the bridge. The reverse microscopic act leads to the synthesis of one 
molecule of ATP from ADP and P, and to the performance of work 
{,L on the system. 

We shall make use of the theory of internal friction of liquids 
developed by Eyring (page 189). A change in the state of the system 
may be represented by the free-energy curve shown in Fig. 12.16. 
Ilere 7 is the state of the system before the bridge is closed; 2 is the 
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state of the system after the bridge is closed and after all the succeed- 
ing events. All the events collectively referred to as an elementary 
act require an activation energy. This is seen directly from the 
strong dependence of b on temperature (page 420). The external 
force applied to each bridge and equal to P/n = nof/n = f/w hinders 
the transition 7 —2 and favours the reverse transition 2 >. This 
is directed along the muscle fibre and, hence, at a certain angle } 
to the bridge (Fig. 12.17). Thus, the bridge is acted on by the force 
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f cos 6/w, to which there corresponds the energy fl cos 0/w, where | 
is the length of the chemical or chelate bond that links the HMM 
protruding head to the active centre of actin. 

The velocity of shortening will be given by 


v=(v¥4,—v) Lev (12.34) 


where v4 and v- are the numbers of elementary acts of transition 
through the activation barrier per unit time in the directions 1 +2 
and 2 1, respectively. According to the Eyring theory we have 
(see Fig. 12.16): 


v=“ oxp(—E), vit exp (— T=) (12.35) 


where hf is Planck’s constant and k is Boltzmann’s constant, 
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that is, 
v see ees 2 sinh (55 Los) exp (— 5) (12.37) 


h 2kT ~~ 2wkT 


At f = fy the velocity of shortening v = 0, i.e., v; = v_. Here 
w= 1. We obtain AG = f,l cos} and 


6= + 2 sinh [o8* (fo—Z}]exp(—jo) (12-38) 


2kT 
If 
(t—+) lcos 0 < 2kT (12.39) 
then it follows that 
va 10082 ( f—L) oxp(—35) (12.40) 
and 
ege®(y—L)om(—f) ay 


We have just derived an equation analogous to (12.27). Comparing 
Eqs. (12.27) and (42.41), we find that 


h G 
and 
r= fgLL cos 0 G 
bee a ee exp (— ar) (12.43) 
Vinax = HOS oxy ( — i) (12.44) 


Thus, B, b, and Uma, are expressed in terms of the molecular para- 
meters fy, L, 1, cos, and G. 

Let us make numerical estimates. First of all, it is necessary to 
verify the validity of the condition specified by Eq. (12.39). The 
tension is maintained in each half sarcomere. For the frog sartorius 
muscle the number of cross-bridges N in a volume equal to 1 cm? 
multiplied by the length of half sarcomere (1:1 wm) is 6.5 x 10”. 
It has been found experimentally that P, is of the order of 300 kPa. 
One bridge produces a force fy = Py/N = 4.6 x 10-7 N. We assume 
that the length of the linkage is] = 0.2 nm and we put cos? < 1 
equal to 0.5. We obtain f,l cos 0 = 4.6 x 10-72 J = 2kT x 0.055. 
The condition is fulfilled. 

The maximum velocity of shortening of the frog sartorius muscle 
at 0°C, Vmax, is equal to 1.33 A,/s, where Ay the initial resting 
length of the muscle. In our calculations we should take A, = 
= 1.1 pm—the half length of the sarcomere. Hence, Umax = 
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= 1.5 pm/s and b = 0.4 x 10-° cm/s. The elementary step LZ has 
a value of the order of 10 nm. Substituting into Eq. (12.44) the 
values of fp, L, cos%, and 7 from the experimental value of Ua 
(or b), we find that G ~ 59 kJ/mole. When the temperature rises 
by 10 K (from 300 to 310 K), the value of b must increase by 2.14 
times. Experiment gives a 2.05-fold increase. The theory under discus- 
sion explains well the temperature dependence of the constant b. 
From the equations written above it follows that 


w = b/(b + v) (12.45) 


If v=0, then w= 1; if Vv =Umaxy = 0 (1 —r)/r, then w= 
= Wnin = 7: 


Woin = 7 = b/(b + Umax) (12.46) 


Naturally, this theory gives the results which are equivalent to 
those obtained by the Deshcherevsky theory. From Eqs. (12.23) 
and (12.31) it follows that k,/k, = (1 — 2r)/r. Substitution of the 
steady-state value of m = nv/Lk, from Eq. (12.20) into Eq. (42.19) 
yields 


n=kinp— (4+ 55% v)n (42.47) 


and at n = 0 we obtain the steady-state ratio n/n) = w. Equating 
this expression to relation (12.45), we get 


k k -1 b 
hey ( hy + ty) =a (12.48) 
From these relations we find 
lcos@ for G 
= qa exp (— 7) 


‘ _ 10s ty _¢@ (12.49) 
2 0 xp ( kT ) 

In the theory under discussion, friction arises as a result of the 
closing and opening of bridges, since these processes require activation 
energy. The theory is consistent with the principle of microscopic 
reversibility and expresses the kinetic constants in terms of the 
molecular parameters. Nonetheless, this is not a true molecular 
theory—the detailed molecular mechanism of the contractile process 
is still unknown. 

The theory of heat production by the muscle has been advanced 
by Tawada, Kounosu, and Oosawa (1974). It is assumed that the 
energy released during the muscle contraction is made up of the 
stored energy dissipated at centres of the same type and the energy 
liberated through the breakdown of ATP at centres of another type. 
The heat of shortening is produced from the dissipated energy. 
It is thus presumed that in the two types of centre there act two 
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different actomyosin ATPases. These suppositions are supported 
by a number of facts, and theory provides reasonable agreement with 
experiment. The problem cannot, however, be considered to have 
been solved, since the theory contains the yet unproved postulates. 


12.5. The Kinetic Properties of the Muscle 

The quantitative theory expounded above refers to the steady 
muscle contraction. Of no less interest are the dynamical properties 
of the muscle under nonsteady-state conditions. The steady contrac- 
tion has the character of plastic flow. In nonstationary conditions 
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the flight muscle of an insect: 
A—actin; M—myosin. 


the muscle exhibits elastic properties. For instance, in quick-release 
experiments, in which the isometrically contracted muscle is released 
and experiences rapid isotonic contraction, there are observed 
slowly damped oscillations. The frequency of these oscillations is 
of the order of kilohertz for muscles several centimetres long. 
If we regard the muscle as a viscoelastic body, we can construct 
a model containing a damped elastic element connected in series 
with an undamped elastic element and one more elastic element 
in parallel with the first two elements (Fig. 12.18). Such a formal 
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model is a combination of Voigt and Maxwell bodies. The Voigt 
model is an elastic element connected in parallel with a damped 
element, and the Maxwell model contains the same elements connected 
in series. 

The generation of oscillations in the muscle can be determined 
by the nonlinearity of nonsteady-state kinetic equations that do not 
contain elasticities in an explicit form. The possibility of oscilla- 
tions is in this case due to the kinetics of the closing and opening 
of cross-bridges. On the other hand, the bridge itself is a viscoelastic 
system. The tension generated by a closed cross-bridge may vary 
in a stepwise manner, depending on the angle at which the head 
of HMM S-4 arranges itself relative to actin, and also on the extent 
of stretching of S-2. The transitions between the steps have an effect 
on the rapid nonsteady response of the muscle. Thus, the oscilla- 
tions during quick release are caused by the elastic deformation 
of the bridge. This is the most probable, though not yet proved, 
supposition. 

Of great interest for physics and biology are the flight muscles of 
insects (IFM) and the related tympanal muscles of cicadas. These 
muscles are capable of rapid periodic contractions with a frequency 
of the order of 100 Hz. The flight muscles of insects are structurally 
similar to the cross-striated muscles of vertebrates. It has been 
established that the sliding filament model with actin-myosin 
bridges is applicable to IFM. 

The rapid oscillations of IFM require the presence of a directly 
functioning elastic element. Microscopy shows that, in contrast 
to the muscles of vertebrates, in IFM there is a direct viscoelastic 
link between myosin filaments and Z-membranes accomplished by 
a special element C (Fig. 12.19). Probably, this element is capable 
of undergoing elastic deformations. 

There hasbeen establishedla large differencejbetween the oscillations 
of IFM and those of the potential transmitted to these muscles. 
For example, with flies the frequency of the potential transmitted 
to IFM is 3 Hz, and the frequency of wing oscillations reaches 120 Hz. 
Hence, the muscle is not activated with each oscillation. The oscilla- 
tions of IFM are of the nature of auto-oscillations. These auto-oscil- 
lations arise in nonlinear systems due to the forces dependent on the 
state of movement of the system itself; the amplitude of auto-oscilla- 
tions is independent of the initial conditions (see Chapters 15 and 
16). The auto-oscillations of IFM are excited in the presence of 
a feedback between deformation and stress. The relationship between 
these varies, depending on the active state of the system. Presumably, 
IFM contain a “transformer-element” which responds to mechanical 
events and controls the state of the contractile system. This element 
is localized in myofibrils, which is proved by the presence of auto- 
oscillations in IFM preparations washed by glycerol. 
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During a twitch of the muscle of a vertebrate there is observed 
a characteristic periodicity of the process, which occurs in some sort 
of ratchet fashion in finite steps. This was detected by an optical 
method (Frank, 1964). A very important method of studying the 
molecular dynamics of the muscle is the rapid X-ray structural 
analysis based on the application of synchrotron radiation (page 150). 
Vazina and coworkers have succeeded in carrying out an X-ray 
filming of the muscle with a resolution of up to 0.003 s. 

The kinetic properties of the muscle have been studied little. 
The general approach to the understanding of these properties must 
be based on the theory of nonlinear dynamical systems (see Chap- 
ters 15 and 16). 


12.6. Mechanochemical Systems 

Muscular contraction is the most thoroughly studied mechanochem- 
ical phenomenon. To this category belong numerous biological 
processes: the movements of plants; the movements of cells with 
flagella and cilia; the entire set of motions in mitosis and meiosis; 
the movement of the protoplasm inside an undividing cell; contractile 
processes in the tails of phage particles; mechanochemical processes 
in membranes; the movement of ribosomes relative to mRNA in 
polysomes; mechanoreception. 

This incomplete list shows that mechanochemistry is of great 
importance to biology. 

Flagella and cilia are the special contractile systems of bacteria 
and protozoa that provide their motion in a liquid medium. The 
cilia function in a number of organs of multicellular organisms. 
For example, comb-bearers (sea gooseberries) regulate the orientation 
of their bodies by the coordinated motions of cilia; the cilia create a 
liquid current in the gills of bivalves, in the human trachea, etc. 

Flagella and cilia have a similar structure. They are extended 
slender filamentous structures with a length ranging from several 
micrometres to several millimetres and a diameter varying from 
0.1 to 0.5 um. Electron microscopy shows that the flagellum is 
a bundle of 11 thin fibres, consisting of a circle of nine double fibres 
around two central single microtubules (Fig. 12.20). The 9 + 2 
structural pattern is characteristic of many biological systems that 
have a fibrillar structure. 

The diameter of the central fibres of the flagellum is about 24 nm 
and the distance between their centres is 30 nm. The lateral size 
of each of the nine doublets—peripheral fibrils—is 37 x 25 nm’. 
A doublet consists of two subfibrils A and B; projecting from subfi- 
bril A are two “arms” 15 nm long and 5 nm thick. The fibrils are 
hollow rods, whose walls are composed of 10 protofibrils with a dia- 
meter of 3.5 nm. 
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The proteins of flagella and cilia have been studied little. Their 
ATPase activity has been established. The forms and frequencies 
of the sine-wave beat propagating along the flagellum from the base 
to the ending depend on the ATP concentration. The proteins are 
contractile but they differ from myosin and actin. 

The model theories of the beating of flagella and cilia are concerned 
with changes in the conformational state of protein contractile units 
when a contractile wave reaches them. In each unit there occurs 
the splitting of ATP. In flagella 
and cilia there is sliding between 
subfibrils and the arms function 
like the bridges in the actomyo- 
sin of the muscle. No detailed 
molecular theory accounting for 
the wavelike beating of flagella 
and cilia has yet been worked 
out. 

The contractile proteins have 
also been identified in other sys- 
tems. From spermatozoa there 
has been isolated the contractile 
ATPase protein spermasin. The 
tail structures of bacteriophages, 
just as motile leaves of plants 
mimosa) also contain 


Fig. 12.20. Schematic of the struc- 
ture of the cross section of the flagel- (say, 


lum: ATPase contractile proteins. 
1—_ peripheral fibril; 2—subfibril At During the motion of the pro- 
3—subfibril 


fibril; 6— secondary sale eee toplasm in the cell of the seaweed 

Nitella the driving force is gen- 

erated at the gel-sol interface. 
There is observed sliding of fibrous structures relative to the sur- 
rounding sol. In amoebas there have been detected bundles of thin 
filaments, and actin-like and myosin-like proteins have been 
isolated. We may suppose that the actomyosin-ATP system is 
responsible for the motility of the protoplasm. 

During the amoeboid motion in pseudopodia the microtubules 
are assembled and disassembled. 

It has seemed until recently that the wheel was devised by the 
human mind alone—during the natural evolution there could not 
have arisen a macroscopic device for rotation about the axis. It has 
been found, however, that there is something like the wheel even 
in the bacterium Escherichia coli. Each cell of EF. coli has four long 
flagella. Their rotational motions account for the motility of the 
cells. In the basal body of flagella, which resides on the cell wall 
and membrane, there is a “wheel”—a ring composed of 16 protein 
molecules in the membrane opposing a similar ring in the cell wall 
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(this is shown schematically in Fig. 12.21). The rotation of the 
flagellum caused by the rotation of the ring, which is similar to 
a ball-bearing, occurs due to the energy released during the transfer 
of protons into the cell. If one proton is tospass through each protein 
for the flagellum to be rotated by 360°/16, there are required 256 pro- 
tons for a complete revolution. 

The plasmodium of myxomycetes performs active oscillatory motions 
of the protoplasm. It contains actin and myosin, which are similar 
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Fig. 12.21. Schematic of the locomotive device of E. coli. 


to those of the muscle. The myosin of the plasmodium, however, 
does not form thick filaments; instead it forms only small oligomers. 
Nevertheless, this myosin interacts with the actin of the plasmodium. 
In the plasmodium there have been detected thin bundles of fila- 
ments composed of actin and myosin. These bundles appear and 
disappear, following the oscillatory phases. The protoplasm current. 
is regulated by Ca** ions, probably with the participation of regula- 
tory proteins that have not yet been identified. The motility of the 
protoplasm might be expected to be similar to the movement of the 
muscle, but the absence of thick filaments defies this similarity. 

In mitosis and meiosis there occurs the movement of the proto- 
plasm and chromosomes. The mitotic apparatus of the cell consists of 
strands visible under the microscope which connect centrioles with 


28% 


436 Chapter 12. Mechanochemical Processes 


one another and chromosomes with centrioles. Centrioles have 
a 9+ 2 structure similar to the structure of flagella and cilia. 
It has been shown that the flagella of spermatozoa grow out of the 
centrioles and kinetochore (centromeres) of chromosomes. 

The protein of the mitotic apparatus is similar to actin. Injection 
of ATP causes a slow elongation of the mitotic apparatus. The direct 
‘relationship between mitotic motions and ATPase activity has 
‘not yet been elucidated, and the mechanism of the mitotic apparatus 
‘is still unknown. 

There is every ground to believe that mechanoreception and also 
‘sound reception are associated with mechanochemical processes. 


Fig. 12.22. Schematic of the Pacinian body. 


It is possible that mechanical reception is tied up with mechanical 
effects on ionic channels in the membranes of receptor cells, with the 
deformation of these channels. The ionic channels may be considered 
to be “vectorial enzymes” that transform the incoming ion (the 
substrate) to the outcoming ion (the product). 

A single mechanoreceptor—the Pacinian body—is shown schemat- 
ically in Fig. 12.22. The receptor consists of a nerve ending bounded 
by a capsule made up of a peripheral and a central zone. The periphe- 
ral zone consists of about 30 closed elastic sheaths. The central zone 
(the inner bulb) contains 60 tightly packed cytoplasmic layers sepa- 
rated by a cleft oriented along the long axis of the elliptic cross- 
section of the nerve ending. The modulus of elasticity of the sheaths 
of the peripheral zone is about 10® g/cm? (108 Pa); the sheaths are 
capable of discerning a mechanical force within the range of 150- 
200 dynes [(1.5-2) 10-3 N]. 

The Pacinian bodies transform a mechanical effect into nerve 
impulses. In this sense, their function is the reverse of the function 
of the muscle. Chernigovsky and coworkers (1970) studied tho 
characteristics of these transformers. The maximum sensitivity is 
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recorded at a frequency of 100-220 Hz; the optimal frequency of 
the flow of the action potential coincides with this value. A kind of 
“biomechanical resonance” occurs here. The intrinsic excitation 
period of the receptor is 9.6 ms, which.corresponds to the same 
periodicity of excitation of the order of 100 Hz. It has been suggested 
that the regulation of the permeability of the plasma membrane of 
a nerve ending is associated with the participation of contractile 
proteins. It has been established that the active site of the nerve 
ending in the cleft region plays a dominant role in the generation 
of excitation. It has been demonstrated that ATP is split in this 
region. One might think that the membrane contains oriented pro- 
tein molecules exhibiting ATPase activity. A mechanical stimulus 
causes conformational changes in these molecules and, hence, changes 
in their ATPase activity. 

The most general proposition of biological mechanochemistry is 
its obligatory relationship with the enzymic activity of working 
substances—contractile and regulatory proteins. As we have seen 
(Chapter 6), enzymic activity is determined by the conformational 
properties of the protein, by electronic-conformational interactions. 
It follows that the forced conformational change brought about by 
a mechanical effect on the protein must alter its enzymic activity. 
This has been proved by experiments. When myosin undergoes 
deformation in a hydrodynamic field of the dynamooptimeter (page 
90), its ATPase activity is changed. The ultrasound has a strong 
effect on the activity of enzymes. 

In principle, similar processes probably occur during sound 
reception. - 

Contractile proteins, notably actin, are contained in a number of 
other cells and tissues. Actin constitutes about 20 percent of the 
entire protein in the neurons of a chicken. Actin or an actin-like 
protein is present in the embryonic lens, lungs, skin, heart, the 
pancreas, kidneys, and in the brain tissue of a chicken. Actin- or. 
myosin-like proteins have been isolated from thrombostenin and 
from a complex of contractile proteins in the human blood platelets 
(thrombocytes). 

These facts confirm the general proposition concerning the neces- 
sity of mechanical motion‘ in life processes and the similarity be- 
tween the mechanisms of this motion in the large variety of biological 
systems. 


12.7. Biomechanics 

Associated directly with mechanochemical processes is the branch 
of biology and physics known as biomechanics. Here we shall confine 
oie ve to a brief outline of the problems dealt with in biome- 
chanics. 
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The movements of vertebrates are controlled by a complex system 
of muscles, tendons, and bones. The study of these movements 
requires the solution of a number of problems of the mechanics of 
a multiply jointed system, hydrodynamics, aerodynamics, and 
automatic control. The locomotive system of an animal consists 
of both rigid (the endoskeleton of vertebrates, the chitin exoske- 
leton of arthropods) and flexible parts. The latter function pri- 
marily in the joints. The corresponding systems form kinematic 
chains, i.e., the totality of links se connected that if one of them 


Fig. 12.23. The acting model which explains the mechanism of motion of the 
wings of a fly: 

I—wire depicting the longitudinal spine muscle; 2—rubber representing the pleirosterial 
muscle; 3—wing; 4—tergite; 5—shoulder of the scutellum; 6—pleuritis; x, y, 2,f—hinges. 


is secured and another is set into motion, the remaining ones will 
of necessity move in a preset manner. The kinematic chains also 
form limbs and the skulls of the kinetic type in many lizards, snakes, 
and birds. The kinetic skulls are made of mobile joints. 

The task of engineering consists in constructing mechanisms 
capable of executing definite movements. Biologists are often faced 
with the inverse problem—to understand the mechanism underlying 
the motion observed. These mechanisms originated by nature are 
very complicated, which is evidenced, for example, by the operating 
model of the wings of a fly (Fig. 12.23). 

The mechanical properties of materials and devices employed 
by organisms for performing motions are varied. The endoskeleton 
and exoskeleton must be strong enough. For instance, the skull of 
a woodpecker is built in a special way, allowing strong shocks being 
absorbed by the bird’s braincase. The bones of vertebrates are made 
of microscopic crystals of hydroxyapatite, 3Ca,(PO,),-Ca(OH)., 
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embedded into the fibrillar collagen structure. Collagen provides 
high bending strength. 

Collagen and contractile and other proteins that participate in 
the movements of animals have specific viscoelastic properties. The 
arterial walls and other organs of vertebrates contain elastin, whose 
properties are similar to those of rubber. Like rubber, elastin has 
a high elasticity of the entropy nature (see Sec. 3.1). The breast 
region of insects contains resilin, which also has rubber-like prop- 
erties—its elastic modulus is close to that of rubber and its elastic- 
ity is almost entirely of the entropy nature. During the flight 
of a locust the greater part of the kinetic energy lost by the wings 
at the end of their rise is transformed into the potential energy 
of elastic deformation of resilin; this energy is then converted again 
into the kinetic energy of the dropping wings. When a flea jumps, 
its posterior leg, while rising, squeezes a lump of resilin. It ascends 
relatively slowly as a result of the muscle being contracted and is 
then abruptly released by means of a special triggering device. 
Resilin works just as the rubber in a catapult. 

The viscoelastic properties of protein materials are very important 
for movements of both vertebrates and invertebrates. 

The movements of animals in air and in water are determined by 
the evolutionary development of biological systems fitted to perform 
aerodynamic and hydrodynamic functions that are not, in a number 
of cases, feasible in artificial devices. The skin of a dolphin has 
special properties that enable the head resistance to the muvement 
of the animal to be reduced. The waving and gliding flight of birds 
served as the basis for constructing flying machines by man. The 
field of science dealing with the technical applications of mechanisms 
devised by living nature is known as bionics. It was founded by 
Leonardo da Vinci who designed wings for the man to fly. He was 
also the founder of biomechanics as a whole—he was the first to 
investigate man’s walking, running, and jumping. 

Biomechanics also includes the reception of mechanical vibra- 
tions and orientation of the body by the organs of equilibrium (the 
otoliths in the ear). 

Biomechanical investigations are highly essential for engineering 
and medicine, particularly in connection with the weightlessness 
in space flights. Mention should, for example, be made of an arti- 
ficial arm set into motion by biocurrents (Gurfinkel). Biomechanics 
is one of the important branches of biophysics; a detailed considera- 
tion of biomechanics, however, is beyond the scope of this book. 


Chapter 43 Bioenergetics of the Respiratory 
Chain 


13.1. Biological Oxidation 

Bioenergetic processes leading to the synthesis of ATP, the “charging 
of biological accumulators,” take place in mitochondrial membranes. 
Spatially organized molecular systems responsible for the energet- 
ics of living organisms are also localized in mitochondrial membranes. 
The synthesis of ATP in mitochondria is coupled to electron and 
ion transport and to mechanochemical phenomena. The functions 
of mitochondrial membranes are very complicated and varied. Another 
type of bioenergetic coupling membranes—the membranes of plant 
chloroplasts responsible for photosynthesis—will be discussed in 
Chapter 14. 

The source of the energy required by a living cell for all its various 
life functions is respiration, i.e., the oxidation of organic compounds 
by the air oxygen. In 1780 Lavoisier demonstrated that respiration 
and combustion are of the same nature. The investigations carried 
out for the last two centuries by chemists, biologists, and physicists 
have led to the elucidation of the basic features of biological oxida- 
tions. 

The “fuel”, i.e., the substances being oxidized, enters the animal’s 
organism together with food in the form of fats, carbohydrates, and 
proteins. These are broken down, i.e., are hydrolyzed in reactions 
catalyzed by special enzymes—fatty acids are activated by means 
of enzymes and ATP and converted into the acyl derivatives of 
coenzyme A (page 44). The oxidation of the acyl derivative of CoA- 
SH involves a number of steps, at each of which there is formed 
a residue of a fatty acid containing two carbon atoms less than the 
previous one. The overall equation of the reaction of oxidation 
of a fatty acid with an even number of carbon atoms to acetyl-S-CoA 
is as follows: 


H,C(CH,CH,),CO,H+ ATP + (n+ 1)CoA-SH-+ nNAD*-+ nE- FAD-+ nH,0 > 


> (n-+1)HsCCOS-CoA + ( ae oe ) + nNADH-+ nE-Red. FAD-+ nH? 
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Here NAD is the coenzyme nicotinamide adenine dinucleotide 
(page 44); E stands for an enzyme; FAD is the coenzyme flavin 
adenine dinucleotide. The degradation of fats leads, in the long 
run, to the formation of acetyl-CoA and also of propionyl-CoA 
and glycerol. 

The breakdown and oxidation of carbohydrates (starch, in partic- 
ular) lead to’ the formation of triose phosphates and pyruvic acid 
(pyruvate). When proteins are broken down, apart from individual 
amino acids, there are formed acetyl-CoA, oxaloacetate, a-ketoglu- 
tarate, fumarate, and succinate (succinic acid). These processes of 
metabolism have been thoroughly studied in modern biochemistry 
(Sec. 2.10). 

The compounds formed undergo further transformations in a cyclic 
sequence of reactions known as the citric acid cycle, the tricarbozylic 
acid cycle, or the Krebs cycle. This sequence of reactions is localized 
in mitochondria. 

The Krebs cycle is shown in Fig. 13.1. One revolution of the cycle 
consisting of eight reactions (numbered in Fig. 13.1) involves the 
degradation of one molecule of acetyl-CoA or one molecule of pyru- 
vate with the formation of CO, and H,0, i-e., the “burning” of the 
molecules. 

The Krebs cycle starts the pathways of many biosynthetic reac- 
tions—the syntheses of carbohydrates, lipids, purines, pyrimidines, 
and porphyrins. Protein synthesis is also associated with a cycle 
that produces the precursors of a number of amino acids. At the 
on ue, a biological oxidation is the source of the energy stored 
in ATP. 

The reactions of the cycle give rise to CO, and Ht ions. This is 
accompanied by the reduction of the coenzymes NAD and FAD. 
For a continuous and complete biological oxidation to be effected, 
these coenzymes must be reoxidized. The oxidation is accomplished 
by a series of electron carriers that form the respiratory chain or the 
electron-transport chain. The electron-transport chain ensures the 
following reactions: ; 

3NADH + 1.50,-++ 3H* + 3NAD*-+ 3H,O—3 x 220.4 kJ/mole 
(Red. FAD)-+ 0.50, -> (FAD) + H,O—152.0 kJ/mole 
The reaction of acetyl-CoA is written as follows: 
Acetyl-S-CoA -++ 30,->3C0, + 2H,0-+ HS-CoA—903.9 kJ/mole’ 
The electron-transport chain is a polyenzymic system which accepts 
electrons from the Krebs cycle and the fatty-acid oxidation cycle. 
The electron is delivered along the chain 
Substrate — NAD — Flavoproteinp — Cytochrome b—> 


Succinate — Flavoproteing 
— Cytochrome ¢, - Cytochrome ¢-—» Cytochromes a-} as > O, 
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Flavoproteins are enzymes containing flavin coenzymes—FAD 
(Fig. 13.2) and flavin mononucleotide (FMN), riboflavin-5’-phosphate. 
The cytochromes contain a heme group, the iron atom of which 
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Fig. 13.1. The Krebs cycle (the citric acid cycle). 


~ 


undergoes oxidation and reduction during the operation of tho 
cycle: 

Fe2* = Fe3+ + e- 
The electron transfer in the above chain occurs from left to right, 
terminating in the reduction of oxygen, which unites with H*, 
forming water. The electron released on oxidation unites with tho 
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next link of the cycle. The electron transport is accompanied by 
a free-energy change, since the electrons move through a cascade of 
increasing oxidation-reduction (redox) potentials. The values of 
redox potentials are given in Table 13.1.. 
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Fig. 13.2. Flavin adenine dinucleotide (FAD). 


The electron transport is coupled with the accumulation of energy 
in the molecules of ATP. In other words, the released free energy is 
converted to the chemical energy of ATP. Oxidative phosphoryla- 
tion occurs. 

This most important phenomenon was discovered by Engelhardt 
in 1930. Belitser and Tsybakova (1939) carried out the first determi- 
nations of the P/O ratio, i.e., the ratio of the number of molecules 
of the esterified inorganic phosphate to that of oxygen atoms absorbed, 
and established that the value of this coefficient is not less than two. 
It was then found that the P/O ratio for the oxidation reactions of 


Table 13.4. Oxidation-Reduction (Redox) Potentials 


System Q, V System Qg, V 
11,0/0.50, 0.82 Red. flavin/flavin —0.185 
Cyt. a Fe?*/Fe3* 0.29 Lactate/pyruvate —0.19 
Cyt. ¢ Fe?+/Fe3* 0.23 Red. NAD/NAD —0.32 
Cyt. cy Fe?*/Fe3* 0.24 Malate/pyruvate —0.33 
Cyt. b Fe?*/Fes* 0.05 5H, —0.42 
Succinate/fumarate —0.03 Acetaldehyde/acetate —0.60 


Glutamate/a-ketogluta- 
rate —0.14 
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the Krebs cycle and for reactions that involve NAD is equal to 3. 
Lehninger has found that the processes of oxidative phosphorylation 
are localized in the mitochondria; he has determined the key steps 
of the respiratory:chain at which phosphorylation takes place. The 
indicated value of the P/O ratio follows from the equation 


NADH-+ H++ 3P;+ 3ADP+ 0.50, > NAD-+4H,0-+ 3ATP 
This equation is the sum total of the exergonic reaction 
NADH-+ Ht-+ 0.50, > NAD*++ H,O- 221.3 kJ/mole 
and the endergonic reaction 
3ADP + 3P; > 3ATP + 3H,0—92.0 kJ/mole 
Phosphorylation occurs at three key steps of the cycle: NADH —> 


— flavoprotein, cytochrome b — cytochrome c, and cytochrome c > 
— cytochromes a + 43. 
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Fig. 13.3. The respiratory chain. The straight arrows indicate the sites of elec- 
tron entry. 
FP—flavoproteins; CoQ—coenzyme Q; cyt—cytochrome. 


The general scheme of the coupling of oxidation to phosphoryla- 
tion is presented in Fig. 13.3. 


Let us write again the overall equation: 
ADP +P;-++-Ht = ATP-+ H,O—AG 
The free-energy change AG is given by 


In JADPITH2PO3][H*] 


AG=AG)+RT [ATPIIH,O} 


(13.1) 


where 
AG, = —RT in K & 30.7 kJ/mole 
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The quantity K is the equilibrium constant at concentrations of 
0.4M, pH = 7.0, and 25°C. The value of AG varies with changes 
in pH and ionic strength. 

The free-energy change during the transport of two electron equiv- 
alents along the electron transport chain from NADH to O, is 
determined by the difference of the redox potentials, 0.82 — 
— (—0.32) = 1.14 (V), ie, 


AG = z Ab = —2 X 23.06 X 4.79 kJ/mole = —221.3 kJ/mole 


This provides the synthesis of at least three moles of ATP. The 
efficiency of the process is equal to 92/211.3 (i.e., about 40 percent). 
The energy stored in ATP is consumed by the cell for the perfor- 
mance of chemical, electrical, transport, and mechanical work. 

The unraveling of the chemistry of a biological oxidation is the 
most significant achievement of biochemistry. 

A specific feature of oxidative phosphorylation that distinguishes 
it from enzymatic reactions in solution is the spatial localization 
of the stages of the multistep process. Oxidative phosphorylation is 
localized in mitochondria and is directly associated with the func- 
tionality of their membranes. 

The oxidation-reduction reactions briefly described above were 
deciphered as a result of the application of delicate chemical and 
physical methods. An important role was played, in particular, 
by the works of Chance which were devoted to the spectroscopy of 
electron carriers (NAD, FP, cytochromes) in intact mitochondria. 
These carriers exhibit characteristic absorption bands in the visible 
and near ultraviolet regions of the spectrum. The difference spectra 
allow one to study the kinetics of their oxidation and reduction. 
Various methods were used for the removal of specific enzymes from 
mitochondria and for retaining only some definite links of the pro- 
cess. The mitochondria were subjected to excision; from the swb- 
mitochondrial particles (SMP) there were isolated complexes of 
respiratory enzymes free from structural proteins. It was possible 
to purify such complexes and to study them in detail. Successful 
experiments were conducted for the restoration of the electron- 
(transport systems from isolated preparations and soluble enzymes. 
Finally, very valuable information was obtained on the inhibition 
of individual steps of the process and on the separation of oxidative 
phosphorylation and electron transport. 

Probably, the carriers of electron-transport chains are grouped 
into four complexes called Green complexes. The corresponding scheme 
is shown in Fig. 13.4. The molecular mass of each of the complexes 
is about 3 x 10°; such a complex is about 64 percent protein and 
36 percent lipid. An electron-transport complex is defined as the 
smallest unit of the electron-transport chain that retains its ability 
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to transfer an electron at a rate comparable with that in intact 
mitochondria. 

The structure and functional organization of mitochondria were 
the subject of intensive investigation. Nevertheless, no solution 
has so far been obtained to many very important questions. The 
specific membranous structure of mitochondria, the presence of an 
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autonomic program of protein synthesis (DNA synthesis), and the 
mechanochemical activity of mitochondria are directly associated 
with their role of “power plants” of the cell. 


13.2. The Structure and Properties of Mitochondria 

Mitochondria are present in all aerobic cells of animals and plants, 
except some primitive bacteria, in which the functions of mitochon- 
dria are performed by the plasmatic membrane. The number of such 
organelles in the cell varies from 20-24 in spermatozoa to 500,000 
in the cells of the giant amoeba Chaos chaos. The cell of F. coli con- 
tains one mitochondrion. The number of mitochondria is a character- 
istic of cells of a given species; presumably, mitosis involves the 
division of mitochondria and their correct distribution among 
daughter cells. The shape, structure, and size of mitochondria also 
vary. They invariably have a system of inner membranes called 
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cristae. Figure 13.5 is a schematic representation of the structure of 
the mitochondrion isolated from the rat liver. It is about 3 pm 
long and 0.5-1 um wide; it can easily be seen under an optical micro- 
scope. The average dry weight is 10-15 g. The total surface area of all 
cristae is 146 pm? and that of the outer membrane, 13 pm’. The cell 
of the liver contains about 1000 mitochondria and, hence, the total 


wl 8m 


Fig. 13.5. A schematic of a 
single mitochondrion. 


surface area of the mitochondrial membranes is about 29,000 pm?, 
which is ten times larger than the membrane surface of the cell 
itself. The interior of the mitochondrion unoccupied by cristae is 
filled with a matrix material. The mitochondria contain so-called 
“compact granules” which are apparently formed through the accu- 
mulation of various ions, in particular Ca?* ions. 

The mitochondria have been found to contain DNA; they are 
the site of the DNA-dependent synthesis of RNA. The entire system 
of protein biosynthesis is present in mitochondria—they contain 
tRNA, aminoacyl-tRNA synthetases, and ribosomes. 

Mitochondrial membranes are much thinner than most cell mem- 
hranes—their thickness is of the order of 5 nm. Electron microscopic 
examination of mitochondria shows that the inner membrane and 
cristae are covered by spherical or polyhedral particles 8-10 nm 
in diameter, which are connected to the membranes through narrow 
stalk pieces (2-4) by (4-5) nm? in size. These structural elements are 
very numerous, their number reaching 104-10° in a single mitochon- 
drion; they occupy 10-15 percent of its volume. The headpieces, 
narrow stalks, and the third unit, a support, constitute what is known 
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as the elementary particle of the mitochondrion. These elementary 
particles are seen in Fig. 13.6, which is an electron micrograph of 
the cristae in the mitochondrion. It is not excluded that these ele- 
mentary particles are artifacts that result from negative staining. 

The mitochondria contain 50-60 enzymes which catalyze the 
reactions involved in the electron-transport chain, etc. About 
40 percent of the entire mitochon- 
drial protein is a structural pro- 
tein similar to the protein of 
myelin and bacterial membranes. 

Lipids constitute from 15 to 
50 percent of the dry mass of 
mitochondria; 90 percent of lipids 
are phospholipids. 

The localization of oxidative 
enzymes in mitochondria has been 
studied on mitochondria being 
destroyed by detergents or ultra- 
sound. The cytochromes and 
flavoproteins of the respiratory 
Fig. 13.6. An electron micrograph of chain are detected in insoluble 
the mitochondrial cristae. particles, which apparently 
The, upper arrow indicates the head and the belong to membranes. Converse- 
ticle. ly, the enzymes of the Krebs 

cycle (dehydrogenases, etc.) are 

contained in the soluble part. 
From this we can conclude that they are localized in the vicinity 
of cristae or directly on them and can easily be separated. 

The cristae are formed by the infolding of inner membranes. 
The number and surface area of cristae have a direct relation to 
the intensity of cellular respiration. Their shapes vary widely. 
The mitochondria of the flight muscles of insects have a well-developed 
surface of tightly packed cristae; the respiration intensity of these 
cells is 20 times higher than that of the liver cells, whose mitochon- 
dria contain a relatively small number of cristae. The mitochondrion 
of the liver cell is composed of about 17,000 respiratory assemblies, 
as follows from the number of cytochromes. There are 650 assem- 
blies per every pm? of the surface of the inner membrane, each of the 
assemblies occupying a surface area of 40 x 40 nm. 

Phase-contrast microscopy shows that the mitochondria of living 
cells undergo changes in size and shape associated with respiration. 
Two types of swelling and contraction cycles occur. A reversible 
cycle of low amplitude in which the volume is changed by 1-2 percent 
is observed in all types of mitochondria in vitro. Swelling occurs in 
the absence of ADP in the resting state. When ADP is added, con- 
traction and oxidative phosphorylation of ADP occur. The 
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cycle is blocked by uncouplers of oxidative phosphorylation. 

In the cycle of high amplitude the volume of the mitochondrion 
can change by several times. This is observed both in vitro and in 
vivo. The contraction of mitochondria is brgught about by addition 
of ATP. The process is directly connected with respiration—with 
oxidative phosphorylation. There is observed a direct parallelism 
in the inhibition of contraction and oxidative phosphorylation by 
oligomycin. 

These mechanochemical processes are reduced to the conversion 
of chemical energy to mechanical work. There is a far-reaching 
similarity between the ATPase activity of mitochondrial membranes 
and the actomyosin contractile system of skeletal muscles. They 
have similar mechanochemical properties, i.e., undergo contraction 
under the action of ATP. One might think that mitochondrial mem- 
branes contain contractile proteins that are similar to actomyosin. 
This hypothesis has been confirmed—a contractile protein has been 
isolated from mitochondria. It has been shown that contractile 
proteins participate in mitochondrial mechanochemistry, but it 
turns out that the membrane lipid phosphatidyl inositol plays 
a significant role here. 

The works of the Lehninger school have demonstrated the direct 
participation of cation transport in the functioning of mitochondrial 
membranes. The accumulation of large amounts of Ca?* delivered 
from the surrounding medium occurs during respiration and is 
blocked by its inhibitors and by uncouplers of oxidative phosphory- 
lation. The influx of Ca?* is associated with the amount of absorbed 
oxygen; phosphate is also accumulated simultaneously with the ac- 
cumulation of Ca** in the Ca?*/P; proportion of 1.67 (which cor- 
responds to hydroxyapatite). Electron microscopy shows that gran- 
ules of calcium phosphate may be accumulated in mitochondria. 

There is a direct and precise relationship between the accumulated 
amounts of P; and Ca?* and the number of electrons delivered along 
the electron-transport chain. With transfer of each pair of electrons 
through each of the three energy accumulation centres there are ac- 
cumulated 1.67 Ca?*+ ions and one molecule of P;. This process 
is an alternative of oxidative phosphorylation. Thereby, Ca?* acts 
as its uncoupler. 

Small amounts of Ca?*, on the contrary, stimulate the respiratory 
process. The transport of Ca?* is associated with the transport of the 
cations H+, K*, and Nat. 


13.3. Chemiosmotic Coupling 

As has been said above, the oxidative phosphorylation in mito- 
chondria is coupled to ion transport. This is a system of coupled 
processes and not an individual chemical reaction. Slater (1953) 


29—0279 


450 Chapter 13. Bioenergetics of the Respiratory Chain 


assumed that the oxidation gives rise to primary macroergs—inter- 
mediate substances having an excess of free energy and taking part 
in phosphorylation. Such substances have not been detected and 
the physical mechanism of the process is not clear. The Slater chem- 
ical hypothesis has been abandoned. 

The Mitchell chemiosmotic hypothesis has gained wide recognitior 
(1961). This hypothesis is based on three postulates. 

First, phosphorylation occurs only in membranes that contain 
closed vesicles. The membrane separates the interior of the vesicle 
from its exterior. It has a low permeability to protons. 

Second, it is assumed that electron transfer between the components 
of the electron-transport chain is accompanied by proton movement 
across the membrane. The carriers are arranged asymmetrically rel- 
ative to the two sides of the membrane. The primary macroerg is the 
protonmotive force (pmf): 


“entry ~™ 


Apa = pa) — pf = RT In (Hy 4 F A= 
= —2.3RTApH+ FA (13.2) 


Third, it is presumed that Avy determines the synthesis of ATP 
with the aid of a membrane-bound enzyme—ATP synthetase. This 
enzyme acts vectorially, creating a channel for the passage of protons 
across the membrane. The synthesis of one molecule of ATP requires 
the passage of many protons. 

The enzyme works reversibly. Upon hydrolysis of ATP the protons 
return back across the membrane, which is energized. 

Before considering the Mitchell theory we shall dwell on the 
general thermodynamic description of chemiosmotic coupling. 

For the coupling of two processes—oxidation (0) and phosphoryla- 
tion (p)—we have (cf. page 322) 


A 
Jg= Ly 2+ Ly 


(13.3) 
A 
Jp= L242 + Loe 
We find 
J l 
p= (aes (43.4) 
where q is the extent of coupling defined as 
ue Pia 13.5 
V Liles ( ) 


The quantity 1 = (Z2,/L,,)/? and z is the ratio of the affinity values: 
z= A,lA, (13.6) 
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With complete coupling g = 1 and J,/J, = 1, independently of z. 
As we have seen, P/O = Jp/J, i-e., the number of ATP molecules 
synthesized through the consumption of one oxygen atom is equal 
to 3. Hence, | = 3. In the absence of coupbing q = 0 and J,/J, = 
= Pr = 94,)/A,. With incomplete coupling 0<q< 1 and “the 
P/O ratio is nonlinearly dependent on xz. Experiment shows that 
the value of q is close to unity. 

With proton movement being 
taken into account, three fluxes 


must be considered, the third one £ : 
being the H+ flow. The dissipa- AH: 2e- BH, 
tion function has the form A B 
Ss. 2Ht 2H* 

6=T (IpAp+Jo4_+ JuApn) ont 

(13.7) 
where Any is given by formula ADP + Pi ATP 
(13.2). The chemical reactions of 
oxidation and phosphorylation Fig- 13.7. A diagram illustrating 


are coupled to the vectorial pro- 
ton flux—the coefficients Loy and 
Lpy are different from zero. 


the chemiosmotic coupling according 
to Mitchell: 


i—the internal side of the membrane; e—the 
external side of the membrane. 


The Mitchell chemiosmotic 
coupling is shown schematically 
in Fig. 13.7. The coupling system is the membrane. The hydrogen 
donor AH, (say, ascorbate) is oxidized by an electron carrier (say, 
cytochrome c) on the outer side of the membrane. Two electrons are 
transferred across the membrane along the respiratory chain and, 
via cytochromoxidase, are delivered to hydrogen acceptor B, i.e., to 
oxygen. The acceptor binds two protons from the internal phase of 
the mitochondrial matrix. This gives rise to a proton concentra- 
tion gradient—an excess of protons in the external phase and a pro- 
ton deficiency in the internal liquid phase. As a result of this, protons 
are translocated across the membrane in the reverse direction, which 
provides the phosphorylation reaction. The synthesis of one molecule 
of ATP leads to the absorption of two protons from the external 
phase and the extrusion of two protons to the matrix. The mito- 
chondrial membrane operates in the same manner as does the fuel 
element, in which an electrochemical potential difference is created 
as a result of the oxidation-reduction process. 

The Mitchell theory relies on the consideration of equilibrium 
relations. The free-energy difference in the system is made up of 
chemical and osmotic (transport) works: 


AG = AGonem + AGomm (13.8) 
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where 
AGosm a >: Vj (wy —= 13) oF > Vi (Bi - ty) (13.9) 


The sum over j is the sum over all the products, and that over i 
is the sum over all the reactants; y} and p? are the standard chem- 
ical potentials: v; and v; are the stoichiometric coefficients. If 


2Ht 


O/r ATP+2H* 


ADP+P, 
(a) (b) 


Fig. 13.8. The details of the Mitchell chemiosmotic hypothesis: 


(a) oxidation-reduction (o/r) and hydrogenation-dehydrogenation (h/d) loops; (b) coupling 
between the two processes. 


only one component is transferred, the generalized force that acts 
on it is given by 


Au = —AGosm/¥ (13.10) 


The scheme shown in Fig. 13.3 may be considered to be composed 
of two loops (Fig. 13.8a)—the oxidation-reduction loop (respiration, 
the o/r loop) and the hydrogenation-dehydrogenation loop (dephospho- 
rylation, the h/d loop). The coupling of the two processes via pro- 
ton translocation is shown in Fig. 13.8. According to Eq. (43.10), 
we have at equilibrium: 


Apu = —AGosm/2 =F Ap (43.41) 
For the o/r and h/d processes 
—(AGosm)o/r = — (AGosm) aja = 2ApH (13.12) 


The net electrochemical potential of each component is given by 
B= PVi+2,F p+ pit RT lnc; (13.13) 
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where p is the pressure; V; is the molar volume; 2; is the charge of 
the component; c; is the concentration (activity). Since the term 
V;Ap is relatively small, the total generalized force that leads to 
the ith component in the external phase and in the matrix is 


Ap; © 2,F Ap+ RTA lnc, (13.14) 
For protons, in terms of pH, we obtain formula (13.2): 

Apu = —2.3RTApH + FAp 
At equilibrium Aun = 0, and from Eq. (13.14) it follows that 


(e) 
RT ci 


that is, we obtain the familiar Nernst-Donnan formula (page 360). 

For the ATP synthesis coupled to the transfer of two electronic 
charges (this follows from the experimentally found ratio of P,/2e-= 
=1 for each centre of phosphorylation) the required value is not 
less than 200 mV. With a membrane having a thickness of the order 
of 10 nm the electric field strength in it must not be less than 2 xX 
< 10° V/cm. The value of g = 200 mV is equivalent to the contri- 
bution of ApH = 3.5 to the total protonmotive force. 

Mitchell also considered the coupling of fluxes of protons and 
cations moving in opposite directions (antiport) and the coupling 
of proton and cation fluxes moving in the same direction (symport). 

Thorough determinations of the number of protons, the number of 
charges, and the number of ATP molecules per each of the three 
coupling centres in the electron-transport chain have recently been 
carried out (cf. page 444). With the aid of various electron donors 
and acceptors there have been obtained the results shown sche- 
matically in Fig. 13.9. Each coupling centre has a proton pump which 
separates 4 charges (4 protons are expelled from the cytoplasm 
into the matrix)—the H+/centre ratio is equal to 4 in all the three 
centres. On passage of two electrons (e~) through centre I two charges 
ure separated and one ATP molecule is synthesized; in centre II 
half the ATP molecule is liberated per 2e- and two charges are sepa- 
rated; in centre III there are released 1.5 molecules of ATP per 2e- 
and 6 charges are separated. 

When the ATP synthesis is coupled to the transport of 2e-, the 
required value of @ is not less than 200 mV. If the membrane has 
a thickness of the order of 10 nm, the electric field strength in it 
must not be less than 2 x 10° V/cm. The value of @ equal to 200 mV 
is equivalent to the contribution of ApH = 3.5 to the total proton 
motive force. 
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The Mitchell theory has been repeatedly confirmed qualitatively. 
Liberman and his coworkers have studied ion transport across artifi- 
cial phospholipid membranes. In the presence of synthetic ions with 
a charge screened by hydrophobic substituents, say tetrabutylam- 
monium, N*I(CH,);CH;],, or tetraphenylborate, B~-(C,H;),, the 
electric conductivity of the system is substantially increased. These 
ions diffuse rapidly through membranes. The transport of these ions 
across mitochondrial membranes (MM) and submitochondrial par- 
ticles (SMP) produced by treatment of the mitochondria with ultra- 
sound has been studied. The mitochondrial membranes and submi- 
tochondrial particles have been found to be oriented in opposite 
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Fig. 13.9. The extrusion of protons and the separation of charges at the three 
coupling centres. 


peas eres indicate the unknown mechanisms of coupling of the transfer of e~ to the trans- 
er oO +, 


directions. Cytochrome c is localized on the outer side of the MM 
and on the inner side of the SMP membrane. One might think that 
the intramitochondrial space is charged negatively and that the 
inner space of the SMP is charged positively. The energization of 
submitochondrial particles by addition of ATP causes the influx 
of synthetic anions, while the de-energization by a respiration inhib- 
itor (actinomycin) or by an uncoupler of oxidative phosphorylation 
(a derivative of phenylhydrazone) causes the efflux of anions. The 
electron transport in SMP membranes is accompanied by the influx 
of synthetic anions. In turn, their transport is upset by electron- 
transport inhibitors and uncouplers of oxidative phosphoryla- 
tion. 

On the whole experiment shows that an energy-dependent ion 
transport occurs in coupling membranes. Its mechanism is indepen- 
dent of the structure of ions capable of penetrating phospholipid 
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membranes. A change in the orientation of membranes relative to 
the surrounding medium (MM and SMP) leads to a reorientation of 
ionic fluxes directed against the ion concentration gradients. 

According to the Mitchell theory, the éransport of protons and 
electrons across membranes does not lead to considerable changes 
in pH. Electron transport, i.e., an oxidation process, is stopped 
under the action of an electric field generated by an excess of negative 
charges on the other side of the membrane. Electron transport is 
reactivated with a decrease in the electric field strength, i.e., the 
membrane potential. This can be achieved through the movement 
of cations across the membrane. This must give rise to a pH gradient, 
since the transport of each univalent cation must be accompanied 
by the extrusion of one proton in the external medium. Addition 
of permeant synthetic cations to mitochondria causes an increase 
in the H* concentration in the medium. Changes in pH are stopped 
upon introduction of uncouplers. During the operation of the re- 
spiratory chain the medium is acidified. It has thus been established 
that the energization of a coupling membrane creates a transmem- 
brane potential Ay and a difference ApH. 

From the chemiosmotic hypothesis it follows that the respira- 
tion energy transformed from the chemical to the electrical and 
osmotic forms can be reconverted to the chemical form in the ATP 
synthesis or during the reverse transport of electrons. The bioener- 
getic process is reversible, which is confirmed by experiment. There 
is realized an ionic phosphorylation at the expense of the electrical 
or osmotic energy released upon movement of ions across the mem- 
brane down the concentration gradient. 

A decrease in At must lead to the uncoupling of oxidation and 
phosphorylation. This is the result of the action of uncouplers, such 
as dinitrophenol (DNP) and other substances. Dinitrophenol (2,4-din- 
itrophenol) presumably acts as a proton carrier. If the Mitchell 
scheme is correct, then any weak acid or base must exert an uncou- 
pling effect. Uncouplers really increase the proton conductance 
(permeability) of mitochondrial membranes. There has been re- 
vealed a far-reaching similarity between artificial phospholipid mem- 
branes and inner mitochondrial membranes. 

In the laboratories headed by Liberman and Skulachev, the local- 
ization of the respiratory chain was determined from its ability 
to generate a membrane potential. Various electron donors and ac- 
ceptors were introduced into the medium which did not pass through 
the membrane. It was found that these substances interacted only 
with cytochrome c in mitochondria. It was established that the trans- 
port of protons and/or electrons along the respiratory chain really 
takes place. In other experiments there was determined the localiza- 
tion of the components in mitochondrial membranes. Figure 13.10 
shows the probable localization of the chain. 
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According to the chemiosmotic hypothesis, any coupling system 
must generate an electrochemical potential of H* ions. Indeed, 
experiments with permeant synthetic ions have shown the gener- 
ation of Aw in mitochondria, submitochondrial particles, chlo- 
roplasts (see Chapter 14), and in bacterial membranes. 


Membrane 


H* 
Succinate 
Fumarate 


Ht. 


Fig. 13.10. The probable localization of the respiratory chain in the mitochon- 
drial membrane: 


TD—transdehydrogenase; a, a3, c, cy, b—cytochromes; FMN—flavinmononucleotide,; Fe— 
complexes of nonhemin iron; Cu—copper-containing protein. 


At the same time, the Mitchell theory is faced with difficulties 
and causes objections. Blumenfeld proposes arguments testifying 
to the impossibility of constructing a “Mitchell machine” in the con- 
densed phase. In such a machine, the ATP synthetase makes use of 
the difference of proton concentrations in the aqueous phase on the 
two sides of the membrane for the performance of external work. 
This is an entropy machine which receives energy from a thermostat 
in the form of the kinetic energy of protons. Protons move pre- 
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dominantly down the concentration gradient and transmit their im- 
pulses to the mobile parts of the machine; the potential difference Ap 
is used up for the generation of “hot” high-energy protons. The cor- 
responding deviation from Boltzmann eqyilibrium is hardly prob- 
able, since the relaxation of excited thermal degrees of freedom 
occurs rapidly, taking only 10-11-10-!? s. Hence, ATP synthetase 
must be an entropy machine of a different type: the energy received 
from the thermostat in the interaction of the proton with the synthe- 
tase is transformed to a local increase in potential energy. External 
work can only be done if the elementary act on both sides of the 
membrane gives rise to a potential difference Ay. ATP synthetase, 
which interacts with protons, must work as a hydrogen electrode 
and the entire system of utilization of the proton concentration dif- 
ference ApH must operate as a concentration galvanic cell. The 


only way of using both components of Auy is to generate a net elec- 
tric field, and the protons moving inside ATP synthetase must ac- 
cumulate in the storage battery of unknown nature until an energy 
sufficient for synthesizing one ATP molecule is accumulated. How- 
ever, ApH cannot be used for the shift of the chemical equilibrium— 
the entire energy of the nonequilibrium state has been used for the 
generation of a field. 

It also remains unclear how the electron-donor process (the trans- 
port of protons down the gradient wy) can ensure the accumulation 
of energy (in ATP) without its dissipation. 

Thus, despite the great achievements, the chemiosmotic theory 
requires further quantitative investigations. 

Nevertheless, the importance of the chemiosmotic theory is great. 
It has served as a powerful impetus for a thorough study of the 
bioenergetics of coupling membranes and has made it possible to 
account for a number of facts pertaining to bioenergetics and pho- 
tobiology (see Sections 14.3, 14.4, and 14.8). 


13.4. Electronic-Conformational Interactions 

The transfer of electrons in molecular systems is invariably ac- 
companied by the movement of atomic nuclei. As we have seen 
(Chapter 6), in biopolymeric systems there are realized electronic- 
conformational interactions (ECI). The movement of electrons and 
charge densities in a biopolymericsystem, in particular in a membrane, 
coupled with conformational motions may be treated as the move- 
ment of a quasi-particle—a conformon (page 215). There is every 
ground to consider oxidative phosphorylation in the electron-trans- 
port chain on the basis of these conceptions. 

Green and Ji (1972) proposed an electromechanochemical model 
for the structure and functions of mitochondria. The elementary 
particles of mitochondria (MEP) are assumed to exist in the ground 
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unenergized state and in an excited energized state. The free energy 
of a given state is made up of the chemical, electrical, and mechan- 
ical energies. The interconversion of these contributions is deter- 
mined by electronic-conformational interactions. The concrete Green- 
Ji model, however, is hypothetical. 

Blumenfeld and his coworkers have established the conformational 
conversions in mitochondrial membranes (with the aid of the EPR 
spectra of spin-labeled membranes, luminescence spectra, etc.). The 
high cooperativity of these conversions and the presence of thermal 
Structural transitions in submitochondrial particles have been proved. 

Blumenfeld (1972) advanced the hypothesis of relaxational con- 
formational transitions in mitochondrial membranes. Let us assume 
that the elementary act consists of the binding of an electron to an 
active site (say, to the heme group of the cytochrome). To the neu- 
tral form of the macromolecule there corresponds the equilibrium 
conformation I, and to the charged (reduced) form another equilib- 
rium conformation II. The electron transfer occurs much more rap- 
idly than the conformational change. Hence, during the elementary 
act there is formed a nonequilibrium conformational state—the 
electron has been transferred but the conformation has not changed. 
‘This is followed by a slow relaxation to state II. The entire transi- 
tion may be depicted by the following scheme (the minus sign des- 
ignates an electron): 


I eel tes —> Ii- ——> II ———> I 
rapidly slowly rapidly slowly 

The energy released in the elementary act is stored in the form of 
conformational energy during the relaxation time. One might think 
that this is what constitutes the essence of the primary macroerg 
and that the hypothesis based on electronic-conformational inter- 
actions runs counter to the chemiosmotic theory. During the relax- 
ation time the conformational energy is transformed to chemical 
energy. It is presumed that at the coupling point there is formed 
a labile complex of a carrier with a certain group at the active site 
of the coupling enzyme, the role of which is presumably played by 
the adenine of the bound ADP. At some moment of the relaxation 
I- + II- the energy level at which the electron resides drops to 
the acceptor level of adenine. These two levels are separated by 
a barrier, but there is possible an under-barrier tunnelling transition 
of the electron to adenine. An increase in electron density on adenine 
is accompanied by a sharp increase in basicity of the amino group. 
If there is an electrophilic group (say, a carboxyl group) at the active 
site of ATP synthetase, the adenine reacts with it to form an amido 
linkage. At the next relaxation moment the level of the carrier is 
lowered beneath the level of adenine and the electron density is trans- 
ferred from adenine back to the redox group of the same or the next 
electron carrier in the electron-transport chain. 
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Blumenfeld and Chernavsky (1973) extended this model to any 
enzymatic reaction. A postulate is formulated, according to which 
the conformational change of the substrate-enzyme complex that 
follows the binding of the substrate to the active site of the enzyme 
involves chemical changes of the substrate in addition to the break- 
ing of the old and re-formation of new secondary bonds in the protein 
macromolecule. The elementary act of the enzymatic reaction in- 
volves the conformational change of the macromolecule (the enzyme- 
substrate complex, ESC), and the rate of the substrate-product con- 
version is determined by the rate of this conformational change. 
The catalytic disruption of the A—B bond of the substrate may be 
represented by a sequence of four steps: 


1 2 w~ 38 w 4 
A—B-+ E> (A—B)E-—> AEB-—> E+A+B->E+A+B 


Here step 1 is the rapid step of formation of ESC; step 2 is the slow 


relaxation of the enzyme E to a new conformation E; step 3 involves 
the rapid detachment of the product; step 4 is the slow transition 


E +E. All the steps involve a change in free energy. 

In order to construct a kinetic theory, one has to determine the 
relative role of two mechanisms—the over-barrier transition according 
to Eyring (see Sec. 6.1) and the tunnel effect. The latter effect was 
first considered by Chance in application to electron transfer in 
a biological system (1968). 

The rate constant of the activation transition is given by (see 
page 191) 


+ 
kT Gt 
ky =~ exp (—) (13.46) 
The number of tunnelling transition acts per unit time is 
Ieg= v9 exp[ —* V 2m, U5) | (13.17) 


where v, is the frequency of “vibrations” of the electron, which is 
of the order of 1027 s-1; Z is the barrier width; U is the barrier height; 
E is the energy level of the electron; m, is the mass of the electron. 
Figure 13.14 shows the potential-well diagram for two neighbouring 
Jinks in the electron-transport chain. 

The total rate of the transport is determined by the sum of k, 
and k,. The first term predominates at high temperatures and the 
second at low temperatures. According to the available estimates, 
L ~1-2nm, U ~G- ~ 1-2 eV. At these values k, >> A,. From this 
it follows that the transitions must practically be independent of 
temperature, which contradicts experiment. This contradiction can 
be explained. 
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The tunnelling of an electron depends on the ratio of the electronic 
level difference AE (see Fig. 13.14) and the magnitude of resonance 
splitting: 


AE, = Eexp | —= V 2m, U—£) (13.18) 


If AE > AE,, no tunnelling transition will occur. At AE < AE, 
the tunnelling transition occurs during the time t, = h (AEZ,)71. 
At ZL = 2 nm we have U — E = 2 eV and AE, = 10-6 eV. The 
values of AEF in the electron-transport chain must be much larger 


Fig. 13.11. Two asymmetric potential wells separated by an energy barrier. 


and such an ideal transition is impossible. Tunnelling occurs, how- 
ever, because of the dissipation of the energy that provides the ap- 
proach of the electron levels and which is determined by electronic- 
conformational interactions. Chernavskaya and Chernavsky con- 
sider the potential wells protected from the ionic medium by a non- 
polar sheath. Let us assume that only one degree of freedom is es- 
sential. There is possible the excitation of a vibrational quantum 
Ey at which 


AE =hoqg= Ey (13.19) 
or an increase in the energy of the existing quantum: 
AE=AE,= fhdog (13.20) 


The values of E, and AE, are of the order of 0.1 eV. The proba- 
bility of a tunnelling transition on condition (13.19) is expressed 
by the formula 


w= = p (AE) gtexp| — = V 2m. (0 — 2m, (U — E) | (13.24) 


Here o (AZ) is the level density of the final state; g? = 10-? -10-4 
is a constant which characterizes the “bond strength”. In the case 
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of Eq. (43.20) 
w = =p (AE— AE,) exp (—492) x 


x exp| —2 2m, =F] (13.22) 


The quantity w depends on temperature. 

The kinetics of the oxidoreduction of cytochrome c will be dis- 
cussed in the next section. 

In biopolymeric systems a conformon is formed (see page 215). 
Below we give a crude estimate of its energy and size. 

In a medium containing uniformly distributed ions of mass M, 
which interact in accordance with Coulomb’s law, we have (accord- 
ing to the virial eee 


+ Mv x elr (13.23) 


To the velocity v and the distance r there corresponds the circular 
vibrational frequency: 


o=taY Ben (13.24) 
where 
r= (Say 


is the number of ions in unit volume. While interacting with the 
vibrations (conformational transitions) of ions, the electron acquires 
the energy Aw, and the momentum given by 


p=V Indio, = 1/ tmiol 


where m, is the electron mass. According to the uncertainty rela- 
tion, the pe aN size of the electron cloud is equal to 


h ne =—V 3. 4 / PM 
a 2meOy 32a men 


Introducing the —“ radius ad) = A/m,e? = oe > ay we obtain 


4 fs 3 4 
= V “320 V\ Me =a VoV moma (13.25) 


The size of the conformon must be of the same order of magnitude. 
The polarization energy is equal, in order of magnitude, to 


e2 
ere (13.26) 
where « is the microscopic dielectric constant. Finally, the ratio 
of E, to the vibrational energy gives the number of quanta that 
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participate in the formation of a conformon: 
Ep 
hOy 


N= 


(13.27) 


For proteins the mean value of charge density is n ~ 1074 cm-3, 
i.e., the separation of the charges is of the order of 4 nm. If the 
charges reside on protons, then M=(6.2 x 10?°)-1 g. The value of e 
may be considered to be equal to 3. We obtain w, ~ 2n x 0.6 X 
x 101% s-1 and the size of the conformon q ~ 1.5 nm, i.e., practically 
the entire molecule is polarized. The polarization energy Ep ~ 
= 0.35 eV, the electron level shift being of the same order of mag- 
nitude. Finally, N ~ 15. 

Four processes can be distinguished in the kinetics of electronic- 
conformational transitions: (1) vibrations of electrons inside the 
well at frequencies of the order of 10!7 s-}; (2) vibrations of atoms 
at frequencies of the order of kT/h ~ 10% s-1 and amplitudes of 
10-7-140-3 nm; the frequencies of elastic vibrations of the protein 
globule are of the order of 10-12-10-™ s-1; (3) electron tunnelling, 
t ~ 10-7-10-6 s and distances range from 1 to 2 nm; (4) slow confor- 
mational transitions in the macromolecule, t > 107° s. 

Thus, the rapid processes (1), (2), and (3) may be omitted from 
consideration; we can average the positions of electrons and atoms 
with respect to time. It is this procedure that has been employed 
in the above-described relaxation model. While acquiring an electron, 
the molecule is found to be in a nonequilibrium conformation, which 
slowly relaxes to equilibrium. For the tunnel effect to be realized, 
it is necessary that a suitably arranged virtual electronic level of 
the acceptor be present in the oxidative conformation and no coin- 
cidence of the electron levels of the reduced donor and acceptor is 
required. The energy liberated on tunnelling is dissipated. but the 
energy released slowly on conformational relaxation can be converted 
to the energy of the macroerg. Being associated with the resonance 
conditions of electron energy levels, the tunnel effect is subject to 
the influence of the membrane potential. Hence, a regulatory process 
is possible—the membrane potential generated by the active trans- 
port of ions depends on the velocity of electron transport, which 
is in turn regulated by the membrane potential. A feedback is real- 
ized, which makes it possible for the system to be automatically 
maintained under conditions close to resonance conditions. 

The Blumenfeld and Chernavsky hypotheses based on the consid- 
eration of electronic-conformational interactions differ substan- 
tially from the conceptual models of the Mitchell theory. The con- 
cept of electronic-conformational interactions has real and deep- 
seated physical backing. The nature of oxidative phosphorylation, 
however, remains unclear. It is obvious that further experimental 
and theoretical investigations are required. 
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13.5. Cytochrome c 


Among electron carriers, the most thoroughly studied one is 
cytochrome c, a universal heme-containing protein and an oblig- 
atory participant in the respiration processes of all living organisms, 
from yeast cells to human beings. 

The primary structures of cytochrome c of many tens of organisms. 
have been revealed. The cytochromes c of vertebrates, insects, lower 
plants, and higher plants contain, respectively, 104, 107, 107-109, 
and 111 amino-acid residues. The amino-acid sequence reflects well 
biological evolution (see also Sec. 17.9). The evolutionary changes of 
cytochrome c in all living things are reduced, as a rule, to replace-. 
ments of amino-acid residues within a single class (hydrophobic: 
aromatic; hydrophobic aliphatic; hydrophilic basic; hydrophilic 
acid; ambivalent). This points to a far-reaching similarity between 
the three-dimensional structures of all cytochromes c. 

Cytochromes ¢ are primeval proteins. During the evolution the 
cells changed over from anaerobic processes to respiration. It is 
exactly at this stage, about 1.2 x 10° years ago, that cytochromes. 
c originated. 

The stability of the three-dimensional structure of cytochrome c 
developed in the course of evolution is proved, in particular, by the 
fact that the cytochromes c isolated from any eukaryote react in. 
vitro with the cytochromoxidase of any other species. The structure 
of cytochrome c is shown in Fig. 13.12. The heme group is linked 
through the fifth and sixth valencies of the iron atom to the imida- 
zole ring of His 18 and to the sulphur atom of Met 80. The heme is 
also covalently linked to Cys 14 and Cys 17. The immediate environ- 
ment of the heme—the sequence of amino-acid residues 70-80—is 
invariant. These residues are the same in nearly all species: -Asn- 
Pro-Lys-Lys-Tyr-Ile-Pro-Gly-Thr-Lys-Met-. 

Naturally, the conformation of cytochrome c is believed to be 
changed upon transitions Fe?* = Fe**. The first results of X-ray 
diffraction analysis (Dickerson, Winfield) have shown that when 
cytochrome c is reduced, the positions of several aromatic residues. 
are altered. This direct evidence of electronic-conformational inter- 
actions looked very attractive. Unfortunately, these results have 
not been confirmed. Only recently have there been detected small 
differences in the three-dimensional structures of the oxidized and 
reduced forms of cytochrome c which boil down to the change in the 
position of the water molecule that adjoins the heme. 

The quantum-mechanical theory of oxidation-reduction conver- 
sions of cytochrome ¢ has been developed in a number of works, 
notably in the works of Jortner (1976) and Dogonadze and his cowork- 
ers (4977 and earlier works). Jortner considered the temperature 
dependence of the activation energy for the transport of electrons 
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between biological molecules. The theory takes direct account of 
electronic-conformational interactions—many-phonon transitions 
corresponding to conformational motions are studied. In accordance 
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Fig. 13.12. The structure of cytochrome c. 


with experiment, Jortner obtains, at low temperatures, an activa- 
tionless transition of electrons and a strong temperature dependence 
for a transition in a narrow region near k7T/A(w) ~ 0.41-0.2, whero 
{w) is the mean frequency of vibrations of the nuclei. The temper- 


13.5. Cytochrome c 465 


ature dependence of the velocity of electron transfer originates at 
a temperature much lower than the characteristic vibrational tem- 
perature. 

Dogonadze, Kuznetsov, and Ulstrup (1977) have developed a rig- 
orous theory of the conformational dynamics of the processes of trans- 
port of electrons and atoms in biological reactions. Practical calcu- 
lations based on this theory are, however, difficult to make—the 
wavefunctions of the systems are unknown. Of great importance for 
biophysics are crude qualitative models (pages 211 and 213) and 
qualitative methods of quantum chemistry (page 216). 

It is evident that investigations of oxidation-reduction bio- 
logical processes are highly topical. Many of the methods here are 
informative. Particularly, magnetic spectropolarimetry (Sec. 5.8) 
allows one to directly follow the conversions of various types of cy- 
tochromes in the electron-transport chain in a suspension of submi- 
tochondrial particles. 
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Chapter 14 Photobiological Processes 


14.1. Photosynthesis 
Bioenergetic processes with which we have been concerned in the 
preceding chapters and which are reduced to the accumulation of the 
chemical energy of ATP and its consumption are dark processes, 
i.e., they occur in the absence of light. In this chapter we shall deal 
with the most important photobiological processes. 
Photosynthesis in green plants determines the existence of all 
higher forms of life, since the oxygen in the Earth’s atmosphere was 
formed exactly as a result of photosynthesis (see Sec. 17.1). The 
general photosynthetic equation can be written as follows: 


CO,-+H,0 + fo-+(CH,0)-+ 0,470 kJ/mole 


Here hw is a light quantum; (CH,0) is a fragment of the carbohydrate 
molecule. The photoreaction liberates an energy of 470 kJ/mole. 
The free-energy change is 504 kJ/mole and, hence, the change in 
entropy is equal to —113 J/(mole-K) (at 300 K). For one molecule 
of O, to be formed there are consumed 8 light quanta (see page 467) 
with a total energy of about 1470 kJ/mole. Thus, the efficiency 
of utilization of the solar energy is 500/1470 = 0.34. The liberation 
of about 470 kJ/mole of energy follows from the following balance: 


Energy of two C=O bonds in CO, 798 X 2 = 1596 

Energy of two O—H bonds in H,0 462X2= 924 

Total 2520 
Energy of the O=O bond in O, 487 
Energy of two C—H bonds in formaldehyde, CH,O 386 x 2=772 
Energy of the C=O bond in CH,O 798 


Total 2057 
2520 — 2057 = 463 kJ/mole 


The same value is obtained from the oxidation-reduction (redox) 


potential of the 5 O,/H,O couple which is equal to +0.81 eV and 
from that of the CO,/CH,O + H,O couple equal to —0.40 eV. 


The sum total is 1.24 eV. In photosynthesis, for CO, to be reduced 
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to carbohydrate it is required that 4 hydrogen atoms be transferred 
from H,O to CO,: 
CO,-+2H,0->(CH,0,)-+ 0,+(CH,0)-++ H,0+0, 


The energy balance is 1.21 x 4 = 4.84 eV = 470 kJ/mole. 
Thus, the photosynthesis in green plants is the reaction between 
the oxidizing agent CO, and the reducing agent H,O in which 4 
electrons (or 4 hydrogen atoms) 
are transferred “upwards”, over- 
coming a potential difference of 
about 1.2 V, which is shown 
schematically in Fig. 14.4. In 
bacterial photosynthesis, H,S may 
be involved in the reaction 
instead of water; here the poten- 
tial difference of H,S/S is only 
0.2 V. The energy required for 
the reaction is furnished by light. 
The first step of the process is the 
absorption of light by pigments, 
the most important of which is 
chlorophyll. Timiryazev showed 
that the spectrum of action of the 
solar light in photosynthesis cor- 


vv 


3. 7 X\3 
-0.4 CO.-> (xp;)-> (CHO) 


+0.2 


responds to the absorption spec- 
trum of chlorophyll. Figure 14:2 
presents the structural formulas 
of the most important pigments 
of plants; the absorption spectra 
of the pigments are given in 
Fig. 14.3. 

The rate of photosynthesis mea- 


+0.8b H,Ot> (AD) yo, 


Fig. 14.1. Schematic representation 
of photosynthesis: . 

1—enzymatic conversion of H,O to Og 
2—transfer of hydrogen from the interme- 
diate substance Z/ZH. to X/XH, in the 
Pras bao of enzymatic steps with the aid of 
light-activated_ chlorophyll; 3—enzymatic 
conversion of CO, to ( HO). 


sured by the amount of O, liber- 
ated per unit time (or of the CO, 
ubsorbed) depends on the intensity of the incident light, J. Roughly 
speaking, the rate of formation of a certain substrate is proportional 
to the number of absorbed quanta. This unstable substrate undergoes 
further transformations in enzymatic processes. Experiment shows 
that for one molecule of O, to be produced n ~ 8 substrate mole- 
cules are required. There are about 300 chlorophyll molecules (50 in 
photosynthesizing bacteria) per one enzymic complex or one 
molecule of the generalized enzyme (the photosynthetic unit). 
The rate of photosynthesis may be given by a formula similar 
10 the Michaelis-Menten equation (page 194): 
us (ky/n) EI 


Bes (14.1) 


a0* 
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where kp is the rate constant of the enzymatic reaction; n ~ 8; 
£ is the enzyme concentration. At a high incident light intensity, 
I > K, there occurs saturation, Umax = keE/n. The value of kp 
is found by measuring the dependence of the O, yield on the time 
interval between flashes, tg, on pulse illumination. The yield of O, 
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Fig. 14.2. The structural formulas of some pigments: 


(a) chlorophyll a; in chlorophyll b aa CH; group enclosed in a circle is replaced by —HC =0, 
(b 3) f-carotene; (c) phycoerythrobili i 
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per flash increases with tz up to tg ~ 0.1 s. At this value saturation 
takes place. Hence, the rate-limiting enzyme can practically process 
the entire amount of substrate in 0.4 s. The average time required 
for the conversion of one substrate molecule is about 0.02 s. In other 
words, kz = 1/0.02 = 50 (s-1). The concentration E = [Ch]]/300, 
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He. 14.4. The electron level diagram for 
chlorophyll according to Krasnovsky. 


Fig. 14.3. The absorption bands of chloro- 
phyll a (1), carotenoid (2), phycoerythrin (3), 
and phycocyanin (4). The ordinate repre- 
sents optical density. 
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where [Chl] is the concentration of chlorophyll. We obtain vz,, = 
== 50 [Chl]/n-300 ~ 0.02 [Chl] s-?. The maximum rate of photosyn- 
thesis with constant illumination is equal to one O, molecule per 
chlorophyll molecule in 50 s. 

In fact, however, the photosynthesis involves a series of enzy- 
matic reactions. With flashes of 10-3 s the maximum yield of the 
process increases and becomes dependent on temperature. 

The photosynthetic units are localized in chloroplasts, which are 
special organized cell organelles (see Sec. 14.4). In water suspensions 
of chloroplasts with ferric salts the Hill reaction takes place, which 
is the photochemical production of O, involving the added oxid nt. 
Apart from Fe*+, quinones and dyes may also serve as oxidants. The 
oxidant replaces the system CO,/(CH,O). The source of O, in photo- 
synthesis in vivo and in vitro is H,O and not CO,, which has been 
proved by means of labeled 18O atoms. 

The photosynthetic process is accompanied by respiration, i.e., 
the absorption of O,. The difference of these two processes is mea- 
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sured in the presence of light. The rate of respiration is independent 
of illumination. 

The key problem of the physics and chemistry of photosynthesis 
is to elucidate the mechanism of conversion of light energy to chem- 
ical energy. In 1948 there was discovered the Krasnovsky reaction— 
the reversible photor duction of chlorophyll: 


ho 
Chl + AH — ChI--+ AHt 


The reducing agent, i.e., the electron donor, may be the ascorbate 
AH. The reduced chlorophyll can be reoxidized. Probably, the chlo- 
rophyll molecules excited by light are reduced in vivo at the expense 
of water. The electronic levels of chlorophyll are shown in Fig. 14.4. 
In the dark the molecule resides at the lower singlet level S,. The 
absorption bands of Chl correspond to the transitions S,) —S* 
(in the red region of the spectrum) and S, — Sf (in the blue region). 
The reverse transition Sj — S* is radiationless, and the transition 
S* +S, is a fluorescent transition. A radiationless transition from 
the S* level to the metastable triplet level 7 is also possible. Upon 
light absorption in state T chlorophyll passes over to the excited 
triplet state T7*. Terenin has carried out a general examination of 
the role of triplet states in the photochemistry of dyes. It is determ- 
ined by a long lifetime and chemical unsaturation due to the pres- 
ence of unpaired electrons. The reversible photoreduction of chlo- 
rophyll may be represented by the following scheme: 


Chl + fia—>Chl*—--Chl-(T) 
-Chl. + AH=-ChI--+ -AH* 


The dots signify unpaired electrons. The formation of free radicals 
during the course of the photoreduction of chlorophyll has been prov- 
ed by electron paramagnetic resonance. 

The absorption spectrum of Chl a has a complex band in the red 
region. This makes us believe that there exist several forms of chlo- 
rophyll. The red absorption band is shifted when the plant’s leaves 
grown in the dark become gradually green in the light. The presence 
of several forms of chlorophyll is proved by a change in the absorp- 
tion spectrum upon gradual extraction of chlorophyl] from the leaves. 

The light energy absorbed by chlorophyll and other pigments can 
accumulate, migrate from the molecule of one pigment to that of 
another and between identical molecules, be emitted (fluorescence 
and phosphorescence), and dissipated, being converted into heat. 
In all cases the primary photoact consists of light absorption. Pre- 
sumably, one of the functions of accessory pigments is to supply energy 
to chlorophyll a. 

The action spectrum is defined as the dependence of the rate of 
production of oxygen, P, on the number of absorbed quanta, /,, 
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and the wavelength A, i.e., the function 
f(a) = PIT, (14.2) 


If P is the number of molecules of O, protluced in 1 s and /, is the 
number of quanta absorbed in 1 s, then f (A) = ® (A) is the quantum 
yield of photosynthesis. When one molecule of O, is produced, 
8 quanta are absorbed. The ® (A) curve for chlorella is shown in 
Fig. 14.5. There is observed a characteristic “red drop”—a sharp 
decrease in ® (A) in the region 
of 680 nm. It is also observed in 
the action spectrum of the Hill 
reaction. 09 

The red band of Chla is com- ° 
posed of two components, 670 9.08 
and 680 nm, of approximately 9 97 
equal intensity. Thereisevidence — 
pointing to a third weak compo- 9-6 
nent at 695 nm. Perhaps, these 09.95 
components correspond to diffe- 
rent forms of Chl a, which differ 9-4 
in photochemical efficiency, this 440 480 520 560 600 640 680 
accounting for the red drop. Wavelength, nm 

The actual explanation is more Fig. 44.5. The action spectrum of 
complicated. There exists what chlorella. 
is called the Emerson effect, 
which consists in the following: 
light that is inefficient in the far red region becomes efficient upon 
simultaneous illumination of the system with shorter-wavelength 
light, say, upon combined illumination with light at 4 = 700 and 
650 nm. The action of double illumination is sharply inadditive. 
The Emerson effect is expressed by the quantity 


e = (cx — y)/z 


where z is the rate of O, production upon double illumination; 
y is the same upon short-wavelength illumination; and z upon long- 
wavelength illumination. The value of e is especially high when the 
greater part of the additional long-wavelength light is absorbed by 
the accessory pigment. For maximum efficiency of photosynthesis 
it is required that one quantum be absorbed by chlorophyll a and 
another by the accessory pigment. A red drop occurs in the region 
in which light is absorbed by chlorophyll a alone. A detailed study 
has shown, however, that in addition to the e (A) maxima correspond- 
ing to the accessory pigments, the absorption band of chlorophyll 
a also contains a maximum at 680 nm. This maximum is associated 
with the resonance transfer of excitation energy from other pigments 
to the active form of chlorophyll a. 
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14.2. Two Photochemical Systems 

The facts described above lead to the hypothesis of two photochem- 
ical systems operating in photosynthesis, photosystem I (PSI) and 
photosystem II (PSII). In green plants photosystem II contains 
chlorophyll @ with absorption maxima at 670 and 680 nm. Photo- 
system I contains all the three forms of chlorophyll a. Photosys- 
tem IT fluoresces strongly, whereas photosystem I fluoresces weakly. 
The quanta absorbed by 670- and 680-nm chlorophyl1 are transferred 
in photosystem II to chlorophyll agg; and their energy is dissipated, 
which is what accounts for the low fluorescence yield. Photosystem II 
contains more chlorophyll a,;) than does photosystem I. The light 
is absorbed in both photosystems simultaneously but to different 
extents. At 4 > 650 nm in red algae and at 4 > 680 nm in green 
algae photosystem I receives an excess energy, while photosystem I] 
receives an insufficient energy—the balance required for the joint 
operation of the two photosystems is upset. This balance is improved 
upon simultaneous illumination by light of a shorter wavelength. 
This accounts for the Emerson effect and the red drop. 

If the light reactions governed by photosystems I and II occur 
consecutively, the absorption spectrum of each of the systems can 
be established by measuring the action spectra of photosynthesis 
upon strong, though not saturating, action of the light absorbed by 
the other system. The rate of the overall reaction will then be deter- 
mined by a limiting process. If the excess light is absorbed by photo- 
system J, then the reaction rate and the action spectrum will be 
limited by photosystem II, and vice versa. In this way there have 
been established the absorption spectra of both photosystems 
(Fig. 14.6). Photosystem I contains more of 680- and 695-nm chlo- 
rophyll a and photosystem II contains more of chlorophyll ag7o 
and chlorophyll b. One cannot say that chlorophyll ag7. sensitizes 
one reaction and chlorophyll agg, the other. The two reactions are 
interconnected by a relatively slow dark reaction. The Emerson 
effect is also observed when two mutually perpendicular beams of 
light of differing wavelengths enter the reaction vessel. Under such 
conditions the short- and long-wavelength light is absorbed by the 
cells of algae at different times. The Emerson effect manifests itself 
upon interrupted action of light of different wavelength at an inter- 
val of several seconds between flashes. In the red algae Porphyridium 
the release of O, is enhanced with a flash of green light if it is pre- 
ceded by a flash of red light absorbed by chlorophyll a in photosys- 
tem I. It means that a long-lived intermediate compound is formed. 
Its half-time of decay is estimated at 18 s. Conversely, the pro- 
duction of O, with a red light flash is not enhanced if it is preceded 
by a green light flash; the green light absorbed by photosystem II 
does not give rise to long-lived intermediate compounds. 
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Figure 14.7 shows a scheme of photosynthesis which makes clearer 
the scheme given in Fig. 14.1. 

How are the absorbed quanta distributed between the two photo- 
systems, so that they operate at the same rates? Probably, photo- 
systems I and II are spatially separated, which is evidenced by exper- 
iments involving the fractionation of the substance of chloroplasts. 
The balanced excitation is governed by the presence in both systems 
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Fig. 14.6. The absorption Fig. 14.7. Schematic representation of the 
spectra of PS I (the dotted photosynthetic process oe two steps 
line) and tere solidline) sensibilized by PS I and PS II. 

in chlorella. The ordinate 

indicates optical density. 


of the same pigments, though in different proportions. The quantum 
yield of photosynthesis must have minima in regions in which one 
of the systems absorbs light more strongly than the other. There is 
observed a corresponding fine structure of the action spectrum. 

The study of differential absorption spectra has furnished exten- 
sive information on the two photosystems. The differential spectra 
are examined upon simultaneous absorption of light that provides 
photosynthesis. The exciting light beam is directed perpendicular 
to the analytical light. The changes in the differential absorption 
of weak light are studied upon illumination with a strong monochro- 
matic light (in particular, flash light) as compared with the dark. 
Ky varying the excitation wavelength one can obtain an action spec- 
trum and determine the pigments that sensitize the changes in ab- 
sorption. This method was devised by Duysens (1956) and the flash 
technique was developed in the works of Kock (1963) and Witt (1959). 
The flash technique allows one to measure the lifetimes of the inter- 
mediate compounds and the times of their appearance and disap- 
pearance within the interval from 410-1 to 10-8 s. 
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The participation in photosynthesis of carotenoid, which is con- 
verted upon illumination into a metastable form, has been established 
by means of these methods. With extra illumination the energy is 
dissipated through this metastable form. The carotenoids protect 
chlorophyll against photo-oxidation with an excess of light. The 
photo-oxidation of chlorophyll a; (Chl a in photosystem I) is gov- 
erned by the transition of an electron from chlorophyll a; to NADP*. 
The oxidation of chlorophyll a; and the reduction of NADP* have 
been found to occur in a 1 : 4 stoichiometry. The final electron donor 
for chlorophyll a; is water. 

Light with 4 < 700 nm causes reversible changes in the absorp- 
tion of chlorophyll az. The oxidation is followed by reduction during 
20 ms. In the region of 700-730 nm chlorophyll a; is oxidized irrevers- 
ibly. The pigment in photosystem II is excited only at A < 700 nm. 
Presumably, this is also chlorophyll a (chlorophyll a,z). The differ- 
ence between chlorophyll a; and chlorophyll az; is determined by 
the difference in their environment. The lifetime of chlorophyll 
azz is two orders less than that of chlorophyll a;. The properties of 
these chlorophylls are given in Table 14.1. 


Table 14.1. The Properties of Chlorophylls I and II (after Witt) 


Property Chlorophyll ay Cholrophyll ayy 
Type of reaction Electron donor Sensitizer (?) 
Absorption bands, nm 438, 660, 682-703 435, 640, 682 
Appearance time, ns < 20 <20 
Lifetime (20°C), ms 20 0.2 
Region of excitation < 730 <= 700 
Deactivation temperature, °C 65 55 


The interplay between photosystem I and photosystem II is real- 
ized by means of plastoquinones (PQ) that take part in oxidation- 
reduction (redox) reactions. The excited chlorophyll a;} reduces 
plastoquinone to hydroquinone; chlorophyll af reduces it again. 
The plastoquinones form a pool containing about 5 molecules be- 
tween the two photosystems. The intermediate position between 
the two photosystems is also taken by cytochromes, primarily by 
cytochrome f. Figure 14.8 shows the energy diagram of events that 
occur in photosystems I and II; and Fig. 14.9 is the general scheme 
of photosynthesis. 

Valuable information about the two photochemical systems is 
provided by a study of fluorescence. The quantum fluorescence yield 
of chlorophyll a (see page 472) is 30 percent in vitro and only 3-6 per- 
cent in vivo. In the second case several forms of Chl a, which differ 
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Fig. 14.8. The energy diagram of events that occur in PS I and PS II: 


PC—plastocyanin; PQ—plastoquinone; FD—ferredoxin; FP—flavoproteing 
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Fig. 14.9. Diagrammatic representation of photosynthesis: 


415 


Z and Y are primary donors and acceptors of electrons of light reaction II; P700 and X are 
primary donors and acceptors of reaction I; P690 = reaction centre of PS II; P700 = reac- 
tion centre of PS I; PQ = plastoquinone; PC = plastocyanin; FD = ferredoxin. The ordi- 


nate represents the redox potentials in volts. 
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in emission spectra and quantum yields, fluoresce. The low quantum 
yield in vivo is ascribed to the fact that the energy is consumed 
for photosynthesis. 

The main products of the two primary photochemical reactions 
are the reduced intermediate compound XH and the oxidized com- 
pound Z (see Fig. 14.1). The compound Z oxidizes H,O to O,. The 
compound XH reduces CO,. These processes are enzymatic. The 
enzymic system that participates in the evolution of O, contains 
manganese. The Mn?* ion takes part in the reaction photocatalyzed 
by photosystem II. The following reaction of the photo-oxidized 
Mn’? is likely to occur: 


2Mn5+-++ H,O > = 0O,+2Mn?6-+ 2Ht 


for which energy greater than +0.75 eV is needed. 

Evidently, Z is an enzyme with the cofactor Mn+. It was assumed 
that X is NADP* (the NADP*/NADPH couple has a potential of 
—0.35 V). Infact, there are at least two precursors—the iron-con- 
taining protein ferredoxin (FD) and the enzyme ferredoxin-NADP- 
reductase. The illuminated chloroplasts reduce the pigment up to 
—0.60 V. The potential of X is presumably close to this value. 
The scheme of possible reactions is as follows: 


xX FD FD-NADP-reductase NADPt+ 
XH ” Red.FD — NADPH 
—0.6V —04V —0.35 V 


The pathway leading from CO, to carbohydrate is known better 
owing to the works of Calvin and his coworkers, who used a radioac- 
tive 44C label. The equation that describes the fixation of CO, has 
the form 


6RDP + 6C0O,+ 148ATP-+ 12NADPH > 6RDP-+ HP-+ 18ADP--17P\+ 12NADP 
Here RDP is ribulose-1,5-diphosphate 


Oo O OH OH 0) 

I i | | i 
HO—P—0—C—C—C—C—C—0—P—OH 

| H HHH | 

OH OH 


HP is hexose phosphate; RDP is the primary acceptor of CO,. 
The carbon pathway leading to photosynthesis—a sequence of dark 
reaction—is described by the Calvin cycle, which involves 13 steps. 
Given above is the overall reaction. In abbreviated notation it looks 
as follows: 

6C, + 6C,—>6Cs, + Cy 


where the numerical subscripts signify the number of carbon atoms 
in the molecule. The simplified scheme of the Calvin cycle is present- 
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ed in Fig. 14.10. The hexose phosphate formed is hydrolyzed with 
the elimination of the phosphate. For one hexose molecule to be 
formed from 6 molecules of CO, the energy of 18 molecules of ATP 
is consumed. These molecules are formed gs a result of the transport 
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Fig. 14.10. A simplified diagram of the Calvin cycle. 


of electrons during photosynthesis—ADP is phosphorylated. The 
overall reaction is 


NADP-+n’ADP-+n'P;+-nio > NADPH-+n/ATP+0,-+ (n’ —2)H,0 


This reaction is accomplished in the complete system involving 
pigment systems and the electron-transport chain. 


14.3. Chloroplasts 

Photosynthesis takes place in the organelles of plant cells called 
chloroplasts. Figure 14.11 shows an electron micrograph of a section 
of chloroplast isolated from a corn leaf. It is 3-40 um in diameter 
and 1.5-3 wm thick. The chloroplast fills almost the entire cell of 
a green algae. Figure 14.11 shows nearly parallel lamella embedded 
in a lighter stroma. In higher plants the lamella form stacks called 
grana. Lamella are the cross-sections of flattened closed sacs known 
as thylakoid disks having a diameter of about 500 nm. Their number 
in chloroplast is of the order of 1000. The structural model of chlo- 
roplast is shown in Fig. 14.12. Photosynthetic processes are localized 
in the thylakoid membranes which contain active pigments, pri- 
marily chlorophyll. Thylakoid fragments accomplish the Hill reaction 
and photophosphorylation. 


Fig. 14.42. A model of 
the structure of chloro- 
plast. 
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The study of thylakoids by means of electron microscopy shows 
that they contain regular crystal-like systems of tightly packed 
granules. The granules in spinach thylakoids are 18.5 x 15.5 x 
x 10 nm? in size. The molecular mass of the granules is estimated 
at 2 x 10°. Knowing the composition of the lamella, we can deter- 
mine the number of molecules in various substances present in the 
granule. The pertinent data are given in Table 414.2. 


Table 14.2, The Composition of Granules from the Spinach Thylakoid 


Ghunboe Gt rete iea) eS Protein fraction Cake or 
230 chlorophylls 206,400 Proteins 928 ,000 
48 carotenoids 27,400 2 manganese atoms 110 
48 quinones 31,800 12 iron atoms 672 
116 phospholipids 90,800 6 Copper atoms 218 
144 digalactosyl diglyce- 

rides 434,000 
366 monogalactosy]l digly- 

cerides 268 ,000 
48 sulpholipids 41,000 
Steroids 15,000 
Unidentified lipids 175,000 

Sum total: 989 ,400 Sum total: 929 ,000 


The number of chlorophyll molecules equal to 230 is consistent 
with an independent estimate for the photosynthetic unit (see 
page 467). 

The granules are presumably built up of organized subunits. 
It has been found that chloroplasts contain two species of particles: 
light particles 7-11 nm in diameter and heavy particles having a dia- 
meter of 15-48 nm. The light particles contain more of chlorophyll a 
und are capable of cyclical phosphorylation and of reduction of 
NADP* in the presence of ascorbate. The heavy particles contain 
more of chlorophyll 6 and can reduce ferricyanide in the light (the 
Hill reaction) and accomplish a noncyclical phosphorylation. The 
light particles are identified with photosystem I and the heavy ones 
with photosystem II. There are about 4000 light particles and about 
2000 heavy particles per 1 ym? of thylakoid surface area. But, as we 
have seen, the number of photosystems I and II must be approxim- 
ately the same. It follows that each heavy particle contains two 
photosystems IT. 

In operating chloroplasts there are observed gradual changes in 
light absorption at 475 and 5415 nm, which take seconds. In the 
same spectral regions there occur rapid changes in light absorption, 
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the bands appearing during the time less than 10-° s and disappear- 
ing in 20 ms. The rapid changes are indicators of redox reactions 
that occur concurrently with phosphorylation. They reflect changes 
in the electric field across the membrane and their disappearance is 
associated with the transport of protons and other ions. Indeed, as 
the ionic permeability of the membrane increases as a result of an 
osmotic shock these changes disappear more rapidly. This also oc- 
curs under the action of uncouplers of phosphorylation, which 
increase the proton permeability and also under the action of 
ionophores (gramicidin D). 

Experiments have been carried out with layers of chlorophylls 
a and b and carotenoids on glass plates. The layers were exposed to 
the action of electric fields having a strength of up to 10® V/cm and 
the changes in light absorption were measured. They were found to 
be identical with the light-induced changes in chloroplasts. The 
change in absorption AA = AI/I is linearly dependent on the change 
in potential Ap: 


Ap = giC = bAA (14.3) 


Here q is the charge transferred across the membrane; C ~ 1 pF 
is its capacity; b ~ 50 mV/AA. The current is given by 


(14.4) 


With a flash causing one revolution, two elementary charges are 
transferred across the membrane per one electron-transport chain. 
In such a case, Ay ~ 50 mV, with long flashes Atma, ~ 200 mV; 
with constant illumination Ap ~ 100 mV. An electric field is gen- 
erated half by the reaction in photosystem I and half by the reac- 
tion in photosystem IT. 

Changes in pH that accompany photosynthesis have also been 
established. The value of pH increases with decreasing electric field 
strength. The ratio of the number of absorbed protons to that of 
electrons transported is equal to 2. These results are in qualitative 
agreement with the Mitchell chemiosmotic theory (see Sec. 13.3), 
according to which the transport of electrons provides a free energy 
for phosphorylation in the form of tp and pH gradients. 

With a short flash Ay ~ 50 mV but the value of pH is less than 
unity. Under these conditions photosynthesis takes place indepen- 
dently of ApH. It has been shown that with a single flash the phos- 
phorylation really occurs due to At) with an ATP yield of 0.30 per flash 
and independently of the time interval between flashes. The phos- 
phorylation is blocked by gramicidin D. At A> 50 mV the amount 
of ATP formed is proportional to Ay. The electrical energy is used 
for the production of ATP. 
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14.4. The Mechanism of Phofosynthesis 

Figure 14.13 shows the general scheme of the coupling of various 
processes taking place in thylakoid membganes during photosynthe- 
sis. This scheme was proposed by Witt (1971). 

The events numbered in Fig. 14.13 are as follows: 

1. The migration and dissipation of energy. The energy is stored 
and then dissipated in the excited carotenoid Car* and also as a re- 
sult of fluorescence. 

2. The light reactions in photosystems I and II. 

3. The generation of an electric field as a result of a directed elec- 
tron transport at right angles to the membrane which is governed 
by the anisotropic orientation of the molecules contained in the 
membrane. 

4. Electron transport and the influx of protons into the membrane 
in accordance with the Mitchell theory: two electrons on the outer. 
side of the membrane are replaced by two OH- ions, and two holes 
(+) on the inner side by two protons. The possible mechanism in- 
volves proteolytic reactions coupled to electron transport from H,O 
to NADP*. 

5. The generation of ApH. The bound OH~ and H* can be replaced 
by Cl- and K*. The OH~ and H* ions diffuse, respectively, into the 
external and internal phases, thus creating ApH. 

6. The field-controlled efflux of H* and the decrease in ApH. 

7. The field-controlled efflux of K*. 

8. The diffusion-controlled decrease in ApH. 

9. Phosphorylation coupled to the discharge of the electrically 
energized membrane in accordance with the Mitchell theory. 

10. The regulation of the inner value of pHi. At pH‘ ~ 8 the po- 
tassium conductance of the membrane is greater than the H* conduc- 
tance. During the generation of H* (process 4) the increase in [H*]é 
slows down the electron flux, which in turn retards the generation 
of H*. The increase in [H+] enhances the efflux of H+, which occurs 
due to the efflux of K+. The concentration [H*]‘ is maintained at 
a certain level. It increases with increasing flash frequency or light 
intensity. Processes 6 and 9 are also accelerated. 

Thus, the energy of light quanta charges the membrane. The 
right part of Fig. 14.13 shows how this energy is used. 

Photosynthesis is a complex series of photo- and electrochemical 
processes, whose detailed mechanisms are still unknown in many 
respects. The Witt scheme is so far hypothetical. In quantitative 
wstimations the application of the Mitchell theory to photosynthesis 
is beset with difficulties. In this theory the free energy of protons 
must exceed the energy of phosphorylation: 


naGu > Gon (14.5) 
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Fig. 14.13. Diagram showing the coupling of molecular processes involved in 
photosynthesis according to Witt. 
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Here Gpn + 0.5 eV = 48.3 kJ/mole; ny is the number of protons 
transferred. Under natural conditions at Ay = 50 mV and ApH ~ 
i) 


oz 2-2. 


Gy=eAp+kT - 2.3ApH 29 0.18 eV (14.6) 


Hence, my must not be less than 3. Experiment gives a close esti- 
mate—for 1 mole of ATP to be synthesized there are required 4 pro- 
tons. On the other hand, from the ratios ATP/2e- = 2 and H*+/e- = 2 
it follows that 2 protons are consumed for the synthesis of one mol- 
ecule of ATP. Their energy is equal to 0.36 eV, i.e., less than that 
required for ATP synthesis, and inequality (14.5) is not fulfilled— 
the energy of one proton is insufficient. This discrepancy reveals 
itself more distinctly under the conditions of pulse illumination. 
Further investigations are needed for the Mitchell theory to be ap- 
plied to phosphorylation in photosynthesis. 

Let us consider, in conclusion, the elementary processes that con- 
trol photosynthesis. Their classification has been proposed by Bo- 
risov (1973). The following four classes of phenomena are to be con- 
sidered: 

(a) The absorption of light by chlorophyll and accessory pigments. 

(b) The migration of energy from light-absorbing molecules to 
reaction centres. 

(c) The primary separation of charges of different sign. 

(d) The stabilization of new energy carriers for coupling with 
the subsequent chemical steps. 

The first group of phenomena have been thoroughly studied and 
described above. Let us now turn to the second group. It has been 
established that energy migration really exists and occurs by a res- 
onance mechanism. Other mechanisms of energy migration are also 
possible, in principle. In the semiconductor mechanism, the excita— 
tion of a molecule by light transfers an electron into the conduction 
zone, after which a pair of opposite charges (an electron and a hole) 
is displaced in an ordered molecular system, in a molecular crystal. 
However, in chloroplasts strict order is characteristic of only small 
assemblies of chlorophyl] molecules. It is for this reason that the 
semiconductor mechanism is hardly probable. At the same time, 
molecular order in chloroplasts is sufficient for the migration of 
energy by other mechanisms. There is possible a migration of the. 
energy of triplet excited states or a resonance migration of the exci-- 
ton or inductive type. In the last two cases, a dipole-dipole inter-- 
action leads to the transfer of the energy of asinglet excited state to, 
an unexcited molecule. In exciton migration it occurs during time: 
periods comparable with periods of vibration—it takes 10-! to 
10-18 s to distances of up to 1.5-1.8 nm. This is the most rapid mech- 
anism. The inductive-type migration is preceded by the attainment. 
of a thermal equilibrium of the excited molecule with the medium,,. 
g18 
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and the rate of migration strongly depends on temperature. A number 
of facts are in favour of the rapid exciton mechanism. 

The primary physical steps of photosynthesis, beginning with 
absorption of a quantum and ending with its capture in the reaction 
centre, occur during the time not longer than about 100 ns. This 
time is 1.5-2 orders less than the characteristic times of fluorescence 
of dye molecules; it is the maximum time for diffusion-controlled 
reactions. Such a rapid energy migration provides a high (more than 
90 percent) quantum yield of the primary photosynthetic process. 

The problem of the nature of the components of the electron-trans- 
port chain has not yet been solved. Various schemes of the electron- 
transport chain have been proposed. An important specific feature 
of the electron-transport chain has been elucidated, namely, that 
the rate of electron transport is independent of temperature at low 
temperatures. This has led to the natural assumption of the tunnel- 
ling mechanism of electron transport between neighbouring carriers. 
This conception has been developed in the works of Blumenfeld 
and Chernavsky (see Sec. 13.4). 

Electron transport occurs between the centres fixed in the thylakoid 
membrane. These centres may be treated as sufficiently deep electron 
traps. One may visualize such a centre as a potential well and con- 
sider the levels that the electron being transferred occupies. Here 
one deals with the problem of electron transport between two neigh- 
bouring components of the chain, i.e., between the principal levels 
of potential wells separated by a barrier (Sec. 13.4). In such a case, 
in a photosynthetic system there occur electronic-conformational 
interactions, which can conveniently be treated by resorting to the 
potential-well model (see Sec. 6.6). After the electron-transport has 
taken place, the acceptor molecule is found to be in a nonequilib- 
rium conformation, which is slowly relaxing to equilibrium. This 
makes possible a balanced resonance and a tunnel effect. No strict 
quantitative theory has, however, been worked so far. 


14.5. Vision 

‘Apart from photosynthesis, another most important photobiolog- 
ical process is photoreception, which consists in receiving information 
about the factors of the outside world by means of light radiation. 
Let us consider the most perfect form of photoreception—the vision 
of vertebrates. 

The structure of the eye is shown schematically in Fig. 14.14. 
The eye is a self-regulating system. Its optical shortcomings are to 
a considerable extent compensated by regulatory mechanisms that 
optimize the operation of the eye. The most important of these are: 
the focusing of an image on the retina and the regulation of the amount 
of light that falls on the retina. 
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The focusing or sharpening-up of the image on the retina is accom- 
plished through automatic change of the radius of the lens curvature, 
i.e., via accommodation. The shape of the crystalline lens is con- 
trolled by a ring of muscles surrounding thé lens; these are called the 
ciliary muscles. The contraction or relaxing of the ciliary muscles 


Fig. 14.14. A cross-section through the mammalian eye: 
1—retina; 2—optic nerve; 3—lens; 4—ciliary muscle; 5—iris; 6—conjunctiva; 7—pupil. 


occurs in response to the defocusing of the image. The accommoda- 
tion system is a scanning system, since it brings the image of distant 
or nearby objects into sharp focus. 

To optimize the functioning of the eye, it is necessary that the 
umount of light that enters it via the lens be regulated. What is 
uctually regulated is the extent of opening of the optical structure— 
the lens. In bright light the lens is narrowed and in dim light the 
lens is widened. This is effected by two antagonist muscles (circular 
and radial smooth muscle fibres) that form the structure of the iris 
diaphragm. 

The phenomenological interpretation of such a system is based 
ou the general propositions of the theory of control. An input signal 
that enters the system is different from that required (the so-called 
preset signal). The difference between the input signal and the set- 
ting is the error signal. The purpose of the regulating device consists 
in receiving the required output signal. The regulating system consists 
of a controller and an object to be controlled; it contains a feedback 
circuit. 
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"™{Let us consider the structure of the retina. This is a multilayer 
structure shown schematically in Fig. 14.15. An image is pro- 
duced on the pigmented epithelium 7. In the outer layer 3 there is 
realized a synaptic coupling of photoreceptor cells 2 (rods and cones) 


ANoreee 


Exit (neural image) 


Fig. 14.15. Detailed structure of the retina: 
1—outer pigmented layer (pigmented epithelium); 2—receptor cells (rods and cones); 3—outer 


synaptic layer; 4—horizontal cells; 5—hbipolar cells; 6—amacrine cells; 7—inner synaptir 
layer; 8—ganglion cells; 9—optic nerve fibres. 


with nerve horizontal cells 4. The other nerve cells—bipolar cells 5 
and amacrine cells 6—are connected synaptically in layer 7 with 
ganglion cells 8, which serve as direct sources of impulses that arrive 
at the axons of the optic nerve. The input signal is the optic image 
on the pigmented epithelium, and the output signal is the neural 
image coded by the impulses in the optic nerve. For light to reach 
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the photoreceptors, it must pass 
through the layers of nerve 
cells—the photoreceptor cells are 
thus protected against harmful 
effects. 

The light-sensitive receptor 
cells, the rods and cones, are 
extended structures (the rods are 
long and narrow and the cones 
are short and thick) made of 
many specialized compartments 
that form a sequence of parallel 
disks. The rod and cone of a 
frog are shown schematically in 
Fig. 14.16. The disks contain 
photoreceptor molecular devices; 
the required substances are deliv- 
ered via flagella to the disks 
from the basal body of the cell. 
Light is absorbed in the disks by 
the molecular system described 
in the next section. It has been 
found that the proteins of the 
disks are continually renewed. 

It is an established fact that 
the cones are responsible for 
colour vision and the rods are 
sensitive to low levels of illumi- 
nation. As far back as 1756 
Lomonosov wrote about the 
visual perception of three col- 
ours—three species of ether 
particles—red, yellow, and blue 
(The Origin of Light, 1756). In 
1802 Young proposed a theory of 
colour vision based on the assump- 
tion of the existence of three 
types of light-sensitive substances 
in the retina. The theory of 
colour vision was further devel- 
oped by Maxwell and Helmholtz. 
This theory has been supported 
by direct measurements of light 
absorption by individual cones. 
There are three types of cones 
characterized by different curves 
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Fig. 14.16. A scheme of the structure of 
the rod (left) and cone (right) of a frog: 


1—nucleus of the pigmented epithelial cell; 
2—fragment peeled off from the outer seg- 
ment of the rod; 3—outer segment of the 
rod; 4—pigment granules; 5—outer segment 
of the cone; 6—connector flagella; 7—fat 
drop; 8—mitochondria; 9-Golgi complex; 
a hs 11—ribosome; 12—synaptic 
ody. 
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of absorption of photopigments. Figure 14.17 shows these curves 
for primates. The curves for man are very similar to them. 

The receptors of invertebrates are arranged in a different manner; 
in many cases they are sensitive in a wide spectral region. 

The mechanisms of transformation of an optical image on the 
retina into a neural image, which is passed to the cerebral cortex, 
are rather complex. In the retina there occur the adaptation to 
differences in light intensities and in spectral composition of light 
and the perception of a three-dimensional image and of the motion 
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Fig. 14.17. The curves of the spectral sensitivity of the cones of primates with 
maxima at 4 = 447 (blue-violet), 540 (green) and 577 nm (yellow). 


of a visible object. There have been carried out investigations of the 
impulses that arise in the optit nerves of a crab and vertebrates. 
The crab’s eye contains numerous receptors called the ommatidia, 
which resemble the rods. It was possible to study the impulses gener- 
ated by individual ommatidia in the corresponding individual axons. 
In the dark rare periodic impulses are propagated. With light of 
threshold intensity additional impulses arise. If the light intensity 
exceeds the threshold level, then at the moment of illumination 
there’ arises a short sequence of frequent impulses. The frequency 
is then diminished, but it remains substantially higher than the 
dark frequency. When the light is switched off, a new barrage of 
frequent nerve impulses appear; their frequency gradually declines 
down to the dark frequency. In vertebrates the axons respond more 
strongly to changes in luminosity than during constant illumination. 
During strong illumination the impulses are suppressed. The retinal 
function is the complex, integrating nerve interaction which is rem- 
iniscent of computational work. In this sense the retina is similar 
to an electronic computer. 
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The horizontal and amacrine cells connect neighbouring photo- 
receptors, providing the transfer of information in the lateral direc- 
tion; the bipolar cells transmit information to the inner synaptic 
layer. A study of the electrical activity of individual cells has shown 
that the receptor and horizontal cells (and in some cases, bipolar 
cells) undergo smooth hyperpolarization during illumination without 
generating a nerve impulse. In other words, their membrane poten- 
tial becomes more negative. This is an unusual behaviour for a neu- 
ron. As a rule, neurons become depolarized and take on a positive 
membrane potential upon excitation. The nerve impulses are usually 
propagated in nerve cells along their length. These events do not 
occur in the above-indicated nerve cells of the retina. Conversely, 
positive nerve impulses arise in amacrine and ganglion cells. It is 
exactly these cells that serve as sources of impulses conducted to 
the cerebral cortex. 

In invertebrates (a squid) the behaviour of the rods is different— 
they are depolarized upon illumination, i.e., they behave like or- 
dinary excited neurons. 

The threshold sensitivity of the eye is very high. After prolonged 
adaptation of the human eye to the dark it is capable of receiving 
individual quanta and in this respect it surpasses any photocell. 
Because the acts of emission of individual atoms and molecules are 
independent of each other with a sufficiently weak source of light. 
the eye proves to be capable of observing quantum fluctuations of radia- 
oN This was shown for the first time by Barnes and Cherny in 
1932. 

In 1933 Vavilov and coworkers conducted detailed visual investi- 
gations of quantum fluctuations with the aid of a very reliable proce- 
dure. They obtained precise characteristics of the rod sensitivity of 
the eye and important data on the nature of light. Later Hecht. 
published his works devoted to the same problem. 
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The man and higher animals perceive light of ordinary intensity 
in the region of about 400 to 760 nm. Ultraviolet light is absorbed 
hy the transparent tissues of the eye. Infrared rays are not perceived 
hy the retina. If they were perceived, an intense background ‘of 
infrared radiation hindering the reception of informative signals 
would be produced in the warm-blooded animals. Hence, a pigment or 
pigments of the photoreceptor cells must absorb light in the visible 
region of the spectrum, i.e., must be coloured. Since we are speaking 
of the molecules of organic compounds, it follows that these must 
he molecules with a sufficiently long system of x-bonds—with a small 
number of conjugated bonds only ultraviolet radiation is absorbed. 


(page 453). 
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Indeed, in 1933 Wald discovered the presence of vitamin A in 
the retina, in the visual purple or rhodopsin. The structure of vita- 
min A had been established earlier. Vitamin A (more exactly, vita- 
min A,) or retinol, has the structure 
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The general formula of retinol, is C,yH,,CH,OH. This molecule 
constitutes the almost unchanged half of the carotene molecule 
(see page 468). The carotenoids are a source of vitamin A, the absence 
of which results in blindness. The retina of vertebrates also contains 
vitamin A,, or retinol,, whose structure differs from that of vitamin 
A, by the presence of a double bond between carbon atoms 2 and 3. 
The general formula of retinol, is C,gH;,CH,OH. The retinols are 
alcohols. In the photoreceptors the retinols are transformed by means 
of alcohol dehydrogenase (ADH) into the aldehydes—retinal, and 
retinal,, respectively, and are linked to phospholipids and proteins. 
In the retinals the terminal group of the molecule is =CH—CH=O 
and not =CH—CH,OH; the general formulas of retinal, and retinal, 
are C,,H,,CHO and C,,H,,;CHO, respectively. The retinals con- 
tain one conjugated m-bond more than the retinols. 

The retinals serve as the chromophore groups of the visual pig- 
ments containing lipoproteins called opsins. The opsins of the rods 
are different from those of the cones. Accordingly, there are formed 4 
principal types of photopigments characterized in Table 14.3. 

The absorption of light in a photoreceptor must be followed by 
a certain photochemical reaction. In rhodopsin the retinal forms a 


Table 14.3. The Photopigments 


Absorption 
Process maximum, 
nm 
_ _DPN+ | Light 
Retinol, = Retinal, { +Rod opsin = Rhodopsin 500 
DPNH Light 
(Alcohol dehydrogenase) + Cone opsin = Iodopsin 562 
_ _DPNt Light 
Retinol, = Retinal, { + Rod opsin = Porphyropsin 522 
DPNH Light 
(Alcohol dehydrogenase) + Cone opsin = Cyanopsin 620 
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Schiff base as a result of the interaction of the aldehyde group of ret- 
inal with the amino group of opsin, namely with the e-NH, group 
of lysyl: 


-H,0 bg 
C,>H.7CH=0-+ H,N—opsin —-—> C,,H 7CH=N—opsin 


The bovine rhodopsin has a molecular mass of 40,000. If we assume 
the molecule to be spherical, its diameter will be 4 nm. The size of 
the chromophore is only twice as small. 

Under the action of light retinal is split off from rhodopsin; anal- 
ogous processes occur also in the other three cases (see Table 14.3). 
This is accompanied by the photoisomerization of retinal. 

An opsin-retinal complex is formed due to the CH=N bond and 
a number of weak interactions between the chromophore and the 
protein. These interactions are optimized as a result of the structural 
correspondence between retinal and opsin. Retinal can exist in the 
form of a number of isomers, since the double C=C bond forms 
a trans- or cis-conformation. The most stable is the all-trans-configu- 
ration. Such a configuration is shown for retinal on page 490. It has 
been found that when complexed with opsin in the dark retinal has 
an 14-cis-configuration: 
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In this form the CH, group at C,, and the hydrogen at Cy, are very 
close to each other and a strong interaction occurs between them. 
As a result, the molecule is somewhat twisted and the m-bonds are 
brought out of the planar arrangement. The energy of conjugation 
is thus reduced and the 11-cis form must be less stable than the all- 
trans form. However, in the opsin-retinal complex the loss in conjuga- 
tion energy is compensated for by a gain in energy of interaction 
with the protein which is greatest for the 141-cis form. 

When the pigment is bleached in the light, retinal is split off 
from the opsin and isomerized to the most stable all-trans form. The 
cis-trans isomerization cycle is a necessary part of any photoreceptor 
system known. 

In photoreception we deal not with a conformational change of 
retinal but with a cis-trans isomerization—rotations occur about 
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double bonds and not about single bonds. The difference between 
rotamerization and cis-trans isomerization is a quantitative one. 
In the first case, for a conformational conversion to occur, a barrier 
of the order of tens of kJ/mole must be overcome (12.6 kJ/mole 
in ethane); in the second, a barrier of about 105 kJ/mole must be sur- 
mounted for the change from 11-cis retinal to the all-trans form. 
The isomers of retinal are stable in solution. The differences in their 
energies are not large, of the order of 4-12 kJ/mole. 

When the molecule is excited by the absorbed light, the a-elec- 
tronic shell undergoes rearrangement and the barrier to internal rota- 
tion is lowered to a value commensurate with kT. The lifetime of the 
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Fig. 14.18. The steps of the bleaching of rhodopsin. 


The retinal is shaded, Enclosed in parenthesis are the values of Amay in nm. 


molecule in a singlet excited state is 10-® s; the time required for 
rotation is 10- to 40-8 s. The quantum yield for the isomerization 
reaction 11-cis — all-trans is 0.5-0.7. The energy of a light quantum 
is more than sufficient for the isomerization—to a quantum with 
4 = 500 nm there corresponds an energy of 210 kJ/mole. 

When a solution of rhodopsin in an equimolar mixture of glycerol 
and water is exposed at a temperature of —190°C to light of different 
wavelengths, the equilibrium of the isomers can be shifted reversibly, 
which is reflected in shifts of the absorption band. On the basis of 
investigations of this kind Wald constructed a scheme of successive 
conversions of rhodopsin shown in Fig. 14.18. Under the action of 
light the retinal complexed with opsin is isomerized and prelumirho- 
dopsin is formed. These events destroy the structural correspondence 
between retinal and opsin and the latter together with retinal under- 
goes a conformational change. The structure of opsin is gradually 
opened, this leading to steps marked as lumirhodopsin and metarho- 
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dopsins. At the final stage, the Schiff base is hydrolyzed and ret- 
inal is split from opsin. When opsin is opened, new chemical groups 
are exposed, in particular two SH groups and the group that binds 
a proton with a pK value of the order of 6.6 (probably, the imidaz- 
ole group). : 

Thus, photoreception is reduced to the isomerization of the chromo- 
phore, this being followed by a change in the structure of the lipo- 
protein opsin. The conformational conversion of opsin leads, in 
the long run, to the generation of a nerve impulse. 

It has been shown that the bleaching and regeneration of rhodop- 
sin in vitro depend on the frequency of short flashes of laser illu- 
mination. Only that light is absorbed whose polarization corresponds 
to a certain orientation of the rhodopsin molecule. It means that 
the ratio of the flash frequency to the time of rotation of the rhodop- 
sin molecule in solution is essential. 

Different forms of photopigments are characterized by different 
absorption spectra. These differences are not reduced to those in- 
dicated in Table 14.3. The absorption band of chromophore depends 
substantially on its interaction with opsin and, hence, on the state 
of the lipoprotein and its species specificities. For example, the frog 
retina contains two types of rods (“red” and “green”) and two types 
of cones. The red rods contain “classical” rhodopsin, while the green 
rods contain rhodopsin with an absorption band shifted to the short- 
wavelength end. The spectral sensitivity of photopigments correlate, 
as a rule, wih the spectral composition of light in a medium in which 
a given organism exists. On going from bluish seawater to yellowish 
fresh water rhodopsin in the rods of fish is gradually replaced by por- 
phyropsin. Sea fish has a sensitivity maximum of about 505; the sen- 
sitivity of freshwater fish is near 540 nm. 

The facts and hypotheses briefly described here pose a number 
of problems that are still far from being solved. The structure of 
opsin and, hence, of rhodopsin, has been studied little. No detailed 
model of rhodopsin and of its conversions in the light can be con- 
structed at present. The quantum chemistry of these phenomena 
would be of considerable interest. 

It is essential that a relationship be established between the events 
that take place in rhodopsin and the generation of electrical poten- 
tials in the successive neurons of the retina, which results in the 
relay of a nerve impulse to the brain. We know very little about this 
relationship. 

As has already been said, the photoreceptor cells of vertebrates 
contain stacks of lamella or disks—membranes, in which the photo- 
pigments are localized. The number of such disks in a single cell is 
large, amounting to 500-1000. The membranes contain an ordinary 
lipid bilayer. The rhodopsin molecules reside on the inner hydrophil- 
ic surface of the membrane. 
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The photoreceptor membranes of the outer segments of bovine 
and frog rods are about 60 percent protein and 40 percent lipid. Rho- 
dopsin is the principal fraction of the protein, making up to 80 per- 
cent of its overall composition. Lipids are present mainly as phos- 
pholipids—phosphotydyl ethanolamine, phosphotydyl choline, and 
phosphotydyl] serine. There is also 5-10 percent of glycolipid. 

The disks of the outer segments of the rods are “freely floating” 
intracellular organelles, similar to mitochondria. The disk membrane 
occupies a certain space separated from the intracellular space of 
the photoreceptor, in which the disks are “suspended”. The membrane 
is impermeable to Nat, K*, Ca?*, Mg?*, Cl-, and PO$-. In vitro the 
isolated disks undergo swelling and contract in response to changes 
in osmotic pressure of the surrounding medium. 

As a result of illumination, the membrane becomes more per- 
meable—it does not hold all the solute so effectively as does the 
membrane adapted to the dark. The conformational change of rho- 
dopsin leads to a change in the state of the membrane and to an in- 
crease in passive permeability to Na* and K* ions. 

X-Ray structural analysis and electron microscopy have shown 
that upon illumination the disk membrane undergoes structural 
changes, the scale of which is proportional to the time of exposure. 
These changes consist mainly of the translocation of rhodopsin. As 
a result of illumination, rhodopsin is transferred from the interdisk 
hydrophilic surface into the internal hydrophobic phase of the mem- 
brane. Such translocations are equivalent to phase transitions. Phase 
transitions have been detected in the photoreceptor cell membranes 
of frogs and squids and studied by means of differential calorimetry. 

The photoreceptor membrane with a spin probe inserted into it 
has been studied by electron paramagnetic resonance. When a sus- 
pension of membranes is illuminated, there are observed significant 
changes in the EPR spectra, indicating an increase in the time of 
rotational diffusion t of the probe in the membrane. The shape of 
the curve showing the dependence of t on the duration of illumina- 
tion is evidence that the photolysis of the pigment is coupled with 
the change of the conformational state of the membrane and with 
an increase in microviscosity of its hydrophobic regions. These re- 
sults may be regarded as a direct proof of the conformational con- 
versions of the membrane upon illumination. 

Similar conclusions are arrived at in the study of photoreceptor 
membranes by gamma-resonance spectroscopy (the Méssbauer effect). 
The label used was iron ascorbate enriched in the isotope *"Fe and 
the source of y-radiation was 5’Co. 

Of special interest is the ATPase enzymatic activity inherent in 
the photoreceptor membrane. As early as the thirties Engelhardt 
presumed that the energy of ATP could be used in the primary pro- 
cess of vision. This assumption was indirectly confirmed by Venk- 
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stern who studied the ATPase activity of the retina. It was found 
later that the ATPase activity is localized in the membranes of the 
outer segment of the photoreceptors. 

The ATPase is Mg-activated, being associated with rhodopsin. 
The photolysis of the photopigment in vitro leads to noticeable inhi- 
bition of ATPase, this being presumably a consequence of an intra- 
molecular rearrangement of the pigment which undergoes photo- 
denaturation at the final stages of photolysis. 

One might expect that the ATPase activity is necessary in vision 
for amplifying the signal received by the photoreceptor cell at the 
expense of the energy of ATP. The human eye has, as has been said 
above, a high sensitivity to light, being capable of recording several 
photons. The rod can be stimulated by a single photon with an energy 
of the order of 4 X 10-9 J (at 4 = 600 nm). According to the Ein- 
stein basic law of photochemistry, one photon can cause a rearrange- 
ment of only one rhodopsin molecule out of 10° molecules contained 
in the rod. The light sensitivity of the rod is maximal. 

The energy of one quantum is, however, insufficient for the physio- 
logical stimulation of the receptor cell. Calculations show that for 
this to be accomplished, amplification by several thousands of times 
is required. Presumably, this amplification is of the biological na- 
ture and occurs as a result of the enzymatic hydrolysis of ATP. The 
mechanism of this hypothetical process still remains completely 
obscure. 

As has been recently found in the works of Skulachev, Ostrovsky, 
and their coworkers, the function of rhodopsin consists in that it 
is a photogenerator that produces a kind of photocurrent. Under the 
action of light rhodopsin gives rise to a proton concentration differ- 
ence. This causes the opening of the pores in the disks and the ex- 
trusion of Ca?+ ions, which in turn leads to the closing of sodium 
channels on the outer side of the membrane and to an increase in the 
value of Ap on it. The potential difference is responsible for the 
generation of a nerve impulse. The function of visual rhodopsin is 
found to be similar to the function of bacteriorhodopsin (see Sec. 14.8). 
In the both cases, we deal not with a photosensor but with a photo- 
generator of ApH. Rhodopsins are proton pumps, whose operation 
is described by the Mitchell theory. 

It is exactly through the use of photoreceptor membranes that. 
the liquid (liquid-crystalline) properties of the membranes have 
been best studied (cf. page 351). This has proved possible because 
in the photoreceptor membranes there functions only one protein, 
rhodopsin, which can easily be followed. 

It has been established that the rods adapted to the dark exhibit 
dichroism. The light polarized at right angles to the long axis of the 
rod is absorbed several times more strongly than the light polarized 
in parallel to that axis. Hence, the chromophore of rhodopsin is 
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oriented in parallel to the plane of the disk membrane. However, on 
this plane the chromophores are oriented randomly and no dichroism 
occurs. It is possible to photoinduce dichroism by partially bleaching 
rhodopsin with the aid of plane-polarized light. Under ordinary con- 
ditions no dichroism appears, which is accounted for by the Brow- 
nian rotational motion of rhodopsin molecules in the retina. But 
when the retina is treated with glutaraldehyde, a strong photoin- 
duced dichroism is observed. Glutaraldehyde forms cross-links which 
hinder the rotation of rhodopsin molecules. No energy can be trans- 
ferred between rhodopsin molecules, the mean distance between which 
are, on an average, about 7 nm. The rotational mobility of rhodopsin 
in the retina has been proved. This is also evidenced by a study of 
transient photodichroism during pulsed photolysis. Upon pulsed 
illumination there occurs a jumpwise increase in absorption deter- 
mined by the conversion of rhodopsin to prelumirhodopsin. This in- 
crease is much greater if the polarization vectors of the acting light 
and of the light whose absorption is to be studied are mutually paral- 
lel than in the case where these vectors are mutually perpendicular. 
A flash induces dichroism, which then quickly disappears. The half- 
time of disappearance of dichroism at 20°C is 3.0 + 1.5 us. As the 
temperature increases this process is accelerated. An increase in the 
viscosity of the medium retards the disappearance of photodichroism. 

If the dependence on time is really determined by rotational diffu- 
sion, then it is described by the following equation: 
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or = Tr (14. 7) 
where n is the fraction of chromophores oriented in the interval from 
& to 6 + d%; 6 is the angle made by the chromophore with the elec- 
trical vector of the flash light; + is the relaxation time. For a linear 
chromophore and rotational diffusion about the axis perpendicular 
to the disk membrane, solution of Eq. (14.7) has the form 


n=1-+ fe-*t/* cos 20 (14.8) 


The time ¢ is measured from the onset of a flash; f< 1 is an empirical 
factor. The dichroic ratio is equal to 
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Under ideal conditions when f = 1, the maximum initial ratio is 
equal to 3. This corresponds to the value found for the retina treated 
with glutaraldehyde. In pulsed experiments there was observed a 
value of 2 corresponding to f = 0.7. The time of rotational diffusion 
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t depends on the viscosity of the medium », temperature, and the 
size of the chromophore molecule. According to Einstein, for a sphere 
of radius r, which experiences Brownian rotation about a certain 
axis, ° 


_ 8nr3 


T= N (14.10) 


At 20°C the time t for rhodopsin has a value of about 20 ps and 
r = 2.2-2.8 nm; rhodopsin is nearly spherical and is embedded in 
the membrane. It follows that the viscosity of the membrane y is 
about 0.2 Pa-s (the interval is from 0.07 to 0.6 Pa-s), i.e., it is close 
to the viscosity of a light oil, say, olive oil. 

During the rotations of therhodopsin molecule, which arise because 
of its conformational conversions, the degree of embedding of rho- 
dopsin in the liquid bilipid membrane is changed, which is essential 
for the change of its ionic permeability. 

The diffusion constant found for the rods from the frog retina is 
equal to 3.5 + 1.5 X 10-® cm?-s-!. The viscosity of the membrane 
is found to lie within the same interval of values, between 0.1 and 
0.4 Pa-s. The time elapsed between the collisions of neighbouring 
rhodopsin molecules in the retina, t,,), is found from the formula 


8? = 4D 1.9) (14.11) 


where s is the distance between the rhodopsin molecules. If the effec- 
tive diameter of rhodopsin is 4.5 nm and the distance between the 
centres of the molecules is 7 nm, then s = 2.5 nm and T.., = 4 US, 
which is 5 times less than the relaxation time of rotational diffusion. 
The collision frequency is 10° to 10® s-}. 

These results, obtained by Cone et al., are very interesting. They 
enable one to construct the theory of functioning of the membranes 
hased on their liquid properties (cf. page 351). We still know little 
about the events leading to the generation of a nerve impulse in the 
photoreceptor system. These events may be expected to be associated 
with the behaviour of the liquid membrane. 


14.7. Bacteriorhodopsin 

Rhodopsin functions not only in the eye retina. A certain region 
of the membrane surface of red halobacteria (Halobacterium halo- 
hium) contains the protein bacteriorhodopsin (BR). This protein 
has a molecular mass of 26,000 and is composed of one protein mole- 
cule attached to a retinal molecule via an aldimine bond. The ab- 
sorption maximum of bacteriorhodopsin is at 570 nm. Halobacteria 
ure extremal halophiles which can grow in saline lakes. They have 
u positive phototaxis to visible light and a negative phototaxis to 
ultraviolet light. 
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Together with lipids bacteriorhodopsin constitutes a system that 
provides the transport of protons across the membrane against the 
pH gradient. Bacteriorhodopsin functions as a photoinduced proton 
pump (Oesterhelt and Stockenius, 1971). 

The operation of the proton pump in halophiles is coupled with 
the phosphorylation of ATP and with the operation of the sodium 
pump, which provides the desalting of the internal medium of the 
bacterial cell. The Mitchell theory (Sec. 13.3) could possibly be ap- 
plied to this system. As pointed out earlier (page 495), rhodopsin 
also functions as a photogenerator, performing the role of the pro- 
ton pump. 

In contrast to the membranes of the rods and cones, the purple 
membrane of bacteria is crystalline rather than liquid. The mole- 
cules of bacteriorhodopsin are assembled into clusters (three mole- 
cules in a cluster) and packed into a hexagonal lattice, which resides 
in a compact lipid matrix. In the middle of the cluster there is a 
channel 1-2 nm in diameter. The bacteriorhodopsin molecule is 
70-80 percent a-helical. Each molecule contains 7 rod-like a-helices 
3.5-4 nm long, which are oriented perpendicular to the membrane 
plane. The size of the protein is 2.5 X 3.5 xX 4.5 nm®. Bacteriorho- 
dopsin runs through the entire membrane and comes into contact 
with aqueous phases on both sides of the membrane. Bacteriorhodop- 
sin molecules are asymmetrical (see page 349). From the value of the 
transition dipole moment of retinal (12 D) it follows that on light 
absorption an electron is transferred to a distance comparable with 
the distance between the terminal groups of retinal—the cyclohexene 
ring and the Schiff base. 

The photoinduced proton transport involves changes in the con- 
formation of bacteriorhodopsin and its spectrum. The light-adapted 
form BR357) enters the cycle of photoinduced reactions, giving rise 
to a number of intermediate compounds, this being accompanied by 
the transport of H* across the membrane and by the regeneration 
of the initial form BR;7). The cycle is schematically shown in 
Fig. 14.19. As a result of one revolution of the cycle, upon absorption 
of one light quantum one proton is passed through the membrane. 
In a certain phase of the cycle BR releases a proton into the acidic 
medium (pH = 3.0) on one side of the membrane. In another phase, 
the same group absorbs the proton from the alkaline medium (pH = 
= 12.0) on the other side of the membrane. 

Chernavskaya and Chernavsky (1978) examined this process on 
the basis of the tunnelling transport of electrons leading to an intra- 
molecular transformation of energy (see Sec. 13.4). The model con- 
sists of two potential wells separated by a barrier (Fig. 14.20). 
The wells correspond to electrophilic groups—the cyclohexene ring 
of retinal and the nitrogen of lysyl (attached to retinal in a Schiff 
base). In well J there are two levels, the distance between which is 
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equal to the energy of the quantum absorbed. The level of the second 
well is somewhat lower than the upper level of the first well. The 
electron is excited by light in well J, tunnels from the upper level 
into well JJ. As a result of the approach ef the proton, well IJ be- 
comes polarized, this being followed by a lowering of the electronic 
level. Being positively charged, well J is also polarized—the elec- 
tronic levels in it are raised. A further lowering of the level in well 
TT and a rise in well J occur as a result of conformational changes 
resulting in the relaxation to a new equilibrium state corresponding 
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to a new charge distribution. This is followed by the reverse tunnell- 
ing of the electron from well JJ to the lower level of well J, by a 
repeated polarization of both wells and a conformational relaxation 
to the initial state. The cycle is thus terminated. The resonance con- 
ditions required for tunnelling are provided by polarization and 
conformational transitions. 

The free-energy change of the proton upon tunnelling of an elec- 
tron from J to II is given by 


aG=+(4+— +) (14.12) 


where e = 4.8 x 10-1 esu is the electronic charge; « 5 is the 
dielectric constant; r, is the distance from the proton to the centre 
of well IJ; r, is the distance to the centre of well J. For a proton 
that resides near the nitrogen atom of the Schiff base and participates 
in its protonation r, = 0.25 nm andr, = 1.3nm; so AG + 1 eV. 
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The corresponding change in the dissociation constant of this group 
is ApK = AG/2.3 kT = 17. The change of pK on reverse tunnelling 
is of the same order of magnitude but of opposite sign. These esti- 
mates show that the alteration of the properties of the group under 
consideration brought about by electron tunnelling can occur over 
the entire interval of the pH values observed—from 3 to 12. 

The lowering of the electronic level for polarization is expressed 

in a similar manner: 
e 1 1 

Az=—(—-—) (14.13) 
where r, and r, are the distances from the proton to the centre of the 
well before and after polarization. Atr, = 0.25nm andr, = 0.15nm 
we find that AE = 0.75 eV. The shifts of the levels caused by con- 
formational changes are of the same order. The approach of the 
levels required for the reverse process can be accomplished. 

The process involves the protonation of the Schiff base, the expul- 
sion and capture of this and other protons, the polarization and ro- 
tamerization of retinal and rhodopsin. These phenomena cannot be 
considered to have been thoroughly studied, despite the number of 
interesting spectroscopic and kinetic investigations that have been 
carried out. The scheme proposed by Chernavskaya and Chernavsky 
does not contradict the available results but direct supporting evi- 
dence is required. 


Chapter 45 Modelling of Dynamic Biological 
Processes 


15.1. Dynamic Order 

In the preceding chapters we have repeatedly dealt with the nonli- 
near behaviour of a biologically functional system. It suffices to 
recall the generation and propagation of a nervous impulse (Chap- 
ter 14). When the threshold of stimulus strength is reached, 
the system is switched over to a new state—a nerve impulse is start- 
ed. The initiation of a nerve impulse is comparable to pulling the 
trigger of a gun or lighting a fuse. Similar trigger phenomena occur 
in all cases of the emergence of an ordered behaviour of biological 
systems in space and time. 

We have already mentioned the differences between the equilibrium, 
static order and the dynamic order, the latter being inherent in 
far-from-equilibrium open systems called dissipative systems (Sec. 9.7). 
Here we shall deal once again with this central topic of theoretical 
biophysics. In this and subsequent chapters we shall be concerned 
with a number of models of biological dissipative systems on the 
basis of general theoretical approaches to their behaviour. In such 
systems there arise processes of self-organization in space and time. 
We have pointed out earlier that the branch of natural sciences that 
deals with such processes is known as synergetics. 

We shall begin with the thermodynamic characteristics of three 
types of systems commonly encountered in biophysics. 

The behaviour of an isolated system is fully characterized by the 
second law of thermodynamics in its canonical form—the entropy of 
the system tends to a maximum. Neither self-organization nor phase 
transitions are possible in such a system. 

A closed system, which exchanges energy but not matter with 
the outside world, is capable of undergoing phase transitions to a 
static, equilibrium, ordered state. The system is characterized by 
a free energy G = H — 7S which tends to a minimum. At a suffi- 
ciently low temperature, the entropy contribution to the free energy 
becomes small and there arises, for example, a static crystalline 
order. 

In the case of open systems, one should clearly distinguish two 
types of behaviour. The behaviour of a near-equilibrium system is 
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described within the framework of linear thermodynamics (Chapter 9). 
Here we deal with equilibrium structures modified as a result of 
restrictions that hinder the attainment of equilibrium. The appear- 
ance of a dynamic order in these conditions is impossible—the steady 
states are asymptotically stable, which is illustrated by Fig. 15.4. 


o,-—-—— 


Fig. 15.1. The dependence of o on 
Po P p near equilibrium. 


The dependence of the dissipation function o on the parameter p 
that defines the system has a minimum value o, in the stationary 
state @ = 0, (the Prigogine theorem, page 330). When pe deviates 
from fo, the system returns to the state p, exponentially, without 
experiencing oscillations. 

Finally, in a dissipative system, i.e., an open far-from-equilibrium 
system, there arises a dynamic order, a coherent behaviour of the 
ensemble when the values of the system’s parameters corresponding 
to instabilities are exceeded. 

The situations typical for open far-from-equilibrium systems are 
also described in terms of the macroscopic thermodynamic variables. 
A dynamic order appears as a result of the increase of fluctuations 
up to the macroscopic level. There is a far-reaching and rather in- 
formative analogy between these processes and phase transitions— 
the formation of a new biological structure, a new species, is a kind 
of phase transition (see Sec. 15.5). 

The criterion for the possibility of the emergence of dynamic order 
in a dissipative system is the failure to satisfy stability conditions. 
Let us cite once again some of the relations of the thermodynamics 
of open systems. The dissipation function is given by 


djS 
O= = DIX 20 (15.1) 
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Its change in time is written in the form 


d d d dX; 
Fae a HG 7 (15.2) 


Under constant boundary ree we ey 


ox° <0 (15.3) 


This yields the stability condition for the steady state under con- 
sideration: 


>} 6J 8X ;>0 (15.4) 
J 


where 6J/; aud 5X; are the deviations of generalized fluxes and forces 
from their steady-state values. Near equilibrium this condition is 
fulfilled at all times. As applied to chemical processes it has the 
following form: 


>) 6vj54A;>0 (15.5) 
i 


If condition (15.4) is not satisfied, the steady state is unstable and 
the fluctuations may be amplified, leading to the appearance of 
dynamic order. “Order through fluctuations” is evidently possible 
only in such an open system whose behaviour is essentially nonlinear. 

In biology we deal with several types of phenomena which serve 
as a direct evidence of the nonlinearity of the corresponding proces- 
ses. 

First, there are all-or-none threshold processes involving the 
switchover of the system from one regime to another, say, the gen- 
eration of a nerve impulse or muscle contraction. 

Second, the behaviour of cells and organisms at all levels of orga- 
nization is subject to regulation and control, which are determined, 
say, by feedback mechanisms which are absent in linear systems. 

Third, there are periodic, oscillatory phenomena. At all levels of 
organization, from the macromolecular to the population level, in 
biological systems there occur undamped oscillations of the character- 
istic parameters—enzyme activity, metabolite concentration, popu- 
lation number. 

Fourth, any biological system, from the cell to the biosphere as 
a whole, irreversibly undergoes evolutionary development. The 
development invariably implies the emergence of new structures, 
the creation of new information, i.e., basically nonlinear processes. 

It is necessary to consider the multiple stable and unstable steady 
states of dissipative systems and transitions between them. As a 
matter of fact, thermodynamics as such leaves the stage here— 
the description of nonlinear systems on its basis is insufficient. Ther- 
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modynamics only permits the formulation of stability criteria. In 
order to further consider self-organizing systems it is necessary to 
resort to physico-mathematical modelling, to the construction of 
dynamic models. 

Such modelling is accomplished with the aid of the apparatus of 
differential equations. The question of the applicability of this ap- 
paratus to biological systems is not trivial. 

A “chemical machine” is, generally speaking, characterized by a 
discrete rather than a continuous set of states. The application of 
the apparatus of differential equations to such a system implies the 
inclusion of discrete states in a certain continuous set. This proce- 
dure does not interfere with the treatment of the behaviour of a 
discrete system; on the contrary, with an appropriate choice of the 
model it allows:one to analyze it. At the same time, the apparatus 
of deterministic, differential continual equations may prove insuf- 
ficient for the study of processes that involve a small number of mol- 
ecules or species. Such processes are stochastic, probabilistic proces- 
ses; their analysis requires the use of probability theory and, in a 
number of cases, of the Markov chain theory. The question of the 
mathematical apparatus must be solved separately for each class of 
models. Modelling itself is determined by the process under study 
and depends directly on the time scale in which it is progressing. 
Any biological system undergoes numerous nonlinear kinetic pro- 
cesses characterized by their intrinsic times. 

In this and subsequent chapters we shall be concerned with tho 
various models of biological processes. The principal method is tho 
study of differential equations that describe the dynamics of tho 
model, but in a number of cases such a study must be supplemented 
by the solution of the corresponding stochastic problems. 


15.2. Physico-Mathematical Foundations of the Dynamics 
of Nonlinear Processes 

The method of investigating a biological system is defined hero 
as the construction of a dynamic model and its description by means 
of differential equations, i.e., the construction of a system of equa- 
tions and the study of their solutions. 

A sufficiently general form of a mathematical model is 


a ) 


(15.6) 


Cr a 
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where 2,, ...,; Zy are the physical variables which define the sys- 
tem and which depend on time and initial conditions; ¥,, ... 

..»F y are the nonlinear functions of these variables in a general 
case. For example, the quantities x; can express the concentrations. 
of metabolites or the number of individuals. 

The ordinary method of investigation of nonlinear equations of 
the type (15.6) consists of their linearization. First, steady-state 
values are sought for the variables z{, 2}, ..., zy, which are the 


solutions of equations (15.6) at xz, = ... = azy = 0. Then, one 
investigates the linear equations written in terms of the variables. 
representing small deviations from the steady-state values x; — 2. 
Here the terms of the second order of smallness which are nonlinear 
with respect to x; — x? may be neglected. 

We begin with the study of a simple linear model—an oscillator 
with friction. The equation of motion has the form 


mz-+ ba + kx =0 (15.7) 


It contains only one variable—the deviation from the equilibrium 
position zx. But we may pass over to a system of two equations of 


the type (15.6), introducing a second variable—the velocity y = tL. 
We then have 

: : b k 

z=y, y= —— y—— (15.8) 
Both equations are linear, like the basic equation (15.7). Its solu- 
tion is written as follows: 


x = A, exp (A,t) + A, exp (Agt) (15.9) 

where A, and A, are the roots of the quadratic equation (see page 510): 
b k 

W+—-h+—=0 (15.10) 


At 6% > 4km these roots are real; at b? << 4km they are complex. 
In the first case the process has the character of aperiodic damping 
and in the second, that of damped oscillations. The values of A, 
and A, are determined by the initial conditions. 

The rational method of investigation of a dynamic system con- 
sists in obtaining its “phase pattern”. The behaviour of the system 
is visualized as the movement of a representative point in the z, y 


phase plane where y = z. If the number of variables is greater than 
two, not a phase plane but a phase space must be resorted to. In 
many cases, however, it proves possible to consider only second- 
order systems of the type (15.8), i-e., MW = 2. 
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In a phase plane the point moves along a phase trajectory with 
a phase velocity. The phase-trajectory equation for an oscillator 
with friction is deduced by eliminating time from Eqs. (15.8). 
To do this, we divide the second equation by the first: 


dy _ 2hy + w2z 
oe - ee (15.11) 


where 2h = b/m and w; = k/m. This equation describes integral 
curves, at each point of which the tangent line has a slope equal to 
dy/dx. Together with Eqs. (15.8), Eq. (45.411) defines on the phase 


Fig. 15.2. The integral curves on the phase plane for attenuating vibrations of 
an oscillator with friction. 


plane a certain vector field with the only singular point x = 0, 
y = 0. It is convenient to investigate this field with the aid of iso- 
clines, i.e., curves (straight lines in this particular case) which are 
the geometrical loci of points at which the tangents to all the inte- 
gral curves have the same slope. In the case of an oscillator the equa- 
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tion of the isocline with slope x has the form 


dy/ldx = x 
‘or 
y=ar=——Sh (15.12) 


Thus, the isoclines are straight lines passing through the coordinate 
origin—through the singular point z = 0, y = 0. 

The solution of Eq. (15.11) at b® < Alm or h? < oj has the form 
of a coordinate equation: 


y?-+ 2hry + wiz? =C exp (2— — arctan es = =) (15.18) 


where C is a constant determined by the initial conditions. This 
‘solution may be represented by a family of logarithmic spirals shown 
in Fig. 15.2. The vector field constructed with the aid of isoclines 
is depicted in Fig. 15.3. 

The phase velocity is found from the following equation: 


= ix + jy (15.44) 
‘where i and j are unit vectors. In our case, from Eqs. (15.8) we obtain: 


v= iy + J (—2hy— 092) 
and 


Jv[2= zr + y2 = 09x? + 4hofzy + (1+ 4h?) y? 


‘The phase velocity decreases upon approach to the coordinate origin 
and vanishes at this point. 

Ath = 0, i.e., b = 0, there is no friction and the system becomes 
an undamped harmonic oscillator. The integral curves represent a 
family of ellipses: 


y2-+ w2x? = const (15.15) 
The isocline equation has the form y = — wjzx/x, and the phase 
velocity is given by v = iy — jojz. 


J 
For a damped aperiodic process eS 4k/m, i.e., h* > o2. The 
roots of the characteristic equation are 


Me= ht V Ro 


The phase pattern of the system is shown in Fig. 15.4. 

In the examples described above we deal with various types of 
singular points lying at the coordinate origin in all the three cases. 
For a harmonic oscillator without friction all the phase curves are 
closed and have the shape of an ellipse. They surround a singular 
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point called a centre. For damped oscillations the singular point is 
an asymptotic point of all the curves that have the form of spirals 
inserted one into another. Such a point is called a focus. Finally, 


ee 


x=0 y 


Fig. 15.3. The vector field for an oscillator with friction. 


upon aperiodic damping all the curves pass through a singular 
point called a node. 


Let us carry out a general investigation of singular points for 
a second-order system. We have two nonlinear differential equations: 


T= ayr+ ay +X, (z, y) 


; (15.16) 
y=byx+ bey + Yo (2, y) 
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where X, and Y, are polynomials containing terms of higher orders 
than the first in z and y. The right-hand sides of the equations vanish 
at the origin of the coordinates x = 0, y = 0. Hence, this is the 


\\ 
A : 


Fig. 15.4. The integral curves for the aperiodic damping of an oscillator with 
friction. 


singular point corresponding to the steady state z= 0, y= 0. 
Restricting ourselves to a linear approximation, i.e., considering 
only the neighbourhood of this point, we have 


T= ayz+ ayy and y = byx+ doy (15.17) 


The integral curve is 


Bie Seay (15.18) 


dz a,x-+ aay 
We seek solutions of Eqs. (15.17) in the form 
x= Aexp (At) and y =B exp (At) 
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Substituting these solutions into Eqs. (15.17), we obtain two homo- 
geneous equations for x and y. The condition for their compatibility 
has the form 


a;— XK ae 
b, beh Te 
or 
A? — (ay + by) 4+ aybg — ayb, =0 (15.19) 


Since this quadratic equation has two roots, A, and A,, and the 
system of equations (15.17) is linear, its complete solution takes the 
form 


x = A, expi(Ajt) + A, exp (Adt) 
y = B, exp (Ayt) + B, exp (Act) 


The values of A,, A,, B,, and B, are determined by the initial con- 


ditions, i.e., by the quantities z, y, 2, and y att =0. 

In the case of an oscillator with friction, a, =0, a, = 1,6, =— a, 
and b, = — 2h. 

The general classification of singular points given by Poincaré 
is based on the behaviour of integral curves in the nearest neighbour- 
hood of these points. 

If the discriminant of the characteristic equation is 
D = — (a, — b,)? — 4a,b,< 0, then both roots, 4, and Ag, are 
real. If here a,b, — a,b, > 0, their signs are identical. We have 
the following cases: 

1. Ay, 4g <0. The solution has the form of exponentials that de- 
crease with time, i.e., the system withdrawn from this point returns 
to it. The singular point is a stable node. 

2. 44, Ay >> 0. The system recedes from a singular point which is 
an unstable node. 

3. If D<0 and a,b, — a,b; < 0, the roots 4, and A, have oppos- 
ite signs. The singular point is unstable and is called a saddle. Two 
integral curves pass through it; these curves are called the separatrices. 
The remaining phase trajectories go to infinity, bypassing the sin- 
gular point. 

4. If D <0 but a,b, — a,b, = 0, i-e., D = — (a, + 6,), then 
A, = 0 and A, = a, + by. One of the roots is equal to zero. For the 
linear system (U5. 17), instead of a singular point, we obtain a straight 
line corresponding to steady states at which the remaining integral 
curves terminate; the direction of motion along these curves depends 
on the sign of Ag. 

If the discriminant D > 0, then the roots A, and A, are complex- 
conjugate. 
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5. The real parts of A, and A, are negative, i.e., a, + b, <0. 
Damped oscillations occur in the system; the singular point about 
which the spiral phase trajectories wind up is a stable focus. 

6. The real parts of A, and A, are positive, i.e., a, + by > 0. 
The singular point is an unstable focus corresponding to oscillations: 
that increase in amplitude. 

7. The roots 4, = — A, are imaginary, i.e., a, + b, = 0. Un- 
damped oscillations take place in the system and the singular point 
is a centre. The phase trajectories are concentric ellipses. 

The types of singular points are shown in Fig. 15.5. 

A singular point represents a stable or unstable equilibrium or 
steady state. The definition of the stability of the equilibrium state 
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Fig. 15.5. Types of singular points: Fig. 15.6. The regions of singular 


1—stable node; 2—unstable node; s— points. 
stable focus; 4—unstable focus; 5—sad- 
ple; 6—centre, 


(which also applies to the steady state) according to Lyapounov is 
as follows: 

The equilibrium state is stable if for any given region ¢ of permis- 
sible deviations from the equilibrium state there is a region 8 (e) 
that surrounds this state and has such a property that no motion 
starting inside 6 reaches the boundary of the region e. And, con- 
versely, the equilibrium state is unstable if there is a region e for 
which the region 6 (¢) does not exist. Let the region ¢ be a square in 
the phase plane; then the state z = x», y = yy is stable if, by spec-— 
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ifying in advance a positive value of ¢ as small as we please, we 
can find such 6 (e) that if at ¢ = 0 


|x (0) —z|<6 and |y(0)—y|<5 
then at t— oo 

|x (t)—ay|<e and |y(t)—y|<e 
It is exactly this type of stability and instability that we deal with 
here. 

The theory of nonlinear dynamical systems considered here has 
been developed by Mandelstam and Andronov. 

The theory of nonlinear dynamical systems makes a distinction be- 
tween structurally stable and unstable systems. In the first case, small 
changes in the system's parameters do not alter its general behaviour— 
the mathematical model is stable with respect to small changes in 
the form of the differential equations. The situations corresponding 
to cases 1, 2, 3, 5, and 6 of the above classification characterize 
structurally stable systems. Conversely, in cases 4 and 7 the systems 
are unstable. Indeed, in case 4 the value of the parameter a,b, — 
— a,b, = 0 is critical and in going from a positive to a negative 
value of the parameter there appears a saddle instead of a stable 
node. In case 7 the value of a, + b, = 0 is critical: upon the tran- 
sition a, +b, >0->a,+ b,=0->a,+ 6,<0 the singular 
points are changed thus: unstable focus — centre > stable focus. 

The values of the parameters of the system at which its behaviour 
is changed are called critical or bifurcation points. 

Let us return to the characteristic equation of the system with 
two degrees of freedom, (15.19). We rewrite it in the form 


V+ pat q¢q=0 (15.19a) 


The coefficients p and q are functions of the system’s parameters-—- 
the parameters a,, a,, b,, and b, in the case under consideration. The 
regions of various singular points can conveniently be depicted in 
the p, q-plane (Fig. 15.6). The roots 4, and A, have a negative real 
part only at p >0, g>0. The complex roots that correspond to 
the foci are in the region of g > p?/4 only, i.e., between the branches 
of the parabola gq = p*/4, and the region of gq < p?/4 corresponds 
to the nodes. The centres are on the positive side of the ordinate— 
at p = 0, g>>0. When the system’s parameters are changed, the 
representative point can cross the boundary of the region. In this 
case, bifurcation occurs. 

Special cases of the critical points that correspond to various 
types of structural instabilities are dealt with in René Thom’s theory 
of catastrophes. This theory is associated with the theory just de- 
scribed. It is so far difficult to indicate the branch of biophysics in 
which valuable results have been obtained with the aid of the theory 
of catastrophes. 
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Among the linear systems considered so far, only the harmonic 
oscillator without friction has closed phase trajectories correspond- 
ing to a periodic motion. In such a system the energy is constant, 
the system being conservative. No periodic, processes can occur in 
linear nonconservative systems. 

The oscillatory behaviour of nonlinear systems is very complicat- 
ed and varied. Its study is of fundamental value for a very wide 
range of physical problems, including the problems of biophysics. 

The general equations (15.6) are nonlinear; the same is true for 
equations (15.16) which we linearized with the purpose of investi- 
gating the neighbourhood of singular points. Such an investigation, 


Limit cycle 


Fig. 15.7. The limit cycle. 


however, fails to provide answers to the questions of the behaviour 
of a nonlinear system over the entire phase plane. In the subsequent 
discussion we shall encounter nonlinear systems defined by multi- 
ple singular points. 

Of special interest for biology are nonlinear auto-oscillatory sys- 
tems in which undamped oscillations are set up and maintained, 
despite the presence of friction. This occurs due to the forces depen- 
dent on the state of motion of the system itself. The amplitude of 
nuto-oscillations is determined by the properties of the system and 
hol by initial conditions. From the unstable singular points the 
phase trajectories go to infinity or to stable points. But in the case 
of auto-oscillations these trajectories wind up around the closed 
curve surrounding the singular point—around the limit cycle 
(Fig. 15.7). The limit cycles in turn may also be unstable. These 
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situations are inherent in characteristic for structurally stable sys- 
tems, to which presumably belong a number of biological systems. 
The stable limit cycle depicted in Fig. 15.7 corresponds to undamped 
auto-oscillations. We have already dealt with such a phenomenon in 
discussing the properties of the flight muscles of insects. 

The special features of chemical and biological dynamical systems 
of interest are as follows. 

1. The dynamical variables in chemistry and in a number of 
biological problems are the concentrations of the reactants. On 
the same basis, the numbers of organisms (in population genetics 
and ecology) are also treated as variables. 

2. In a chemical-biological system the chemical processes aro 
associated with diffusion processes, with transport of matter. In 
other words, here we deal not with point systems but with distributed 
systems. Of special value for biology is compartmentation—the division 
of the systems into compartments separated by membranes. The 
system is heterogeneous not only chemically but spatially as well. 

3. In living chemical systems the nonlinear chemical reactions 
are coupled with the transport of matter and also with mechanical 
and electrical processes. 

4. In many chemical-biological processes we have to deal with 
small numbers of molecules. The concentration concept itself has 
limited applicability in these cases, and the probabilities of tho 
various states of molecules should be introduced as dynamical 
variables. 

The mathematical models of biological processes are often very 
complicated, contain many variables and describe a multistage behav- 
iour. There are, however, possibilities for a simplified treatment 
which consists in reducing a large set of equations to two or threo 
nonlinear equations. 

Suppose that with a number of transformations performed and 
appropriate scales chosen we have succeeded in arranging the sys- 
tem of nonlinear equations (15.6) in powers of the small parameter 
e< 1 at the derivative 


ert, =F ;(t1)..+) By), b= 1, 2,...,1 
exy =F ; (x, .e+, fy), F=l+i,...,l4+m (15.20) 
=F (ty 2) By), kal +m+4,...,N 


The coefficients e? and e determine the rates of change of the vari- 
ables x. Indeed, the system (15.20) may be rewritten in the form 


=F, 2y=1,'F jy, Le=T;'F 2 
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where t, = &*, tT, = &, Tg = 1, ie., T11}< 1t2< Ty. If we are inter- 
ested in the behaviour of the system both within small time inter- 
vals of the order of t, and within large time intervals of the order of 
T3, we have then to study the system as a whole. The situation is 
different in other cases. For example, if we are interested in phenom- 
ena that occur during average time intervals of the order of t,, 
the system is simplified. Indeed, during such time intervals the 
“slow” variables z, have no chance to undergo a change and may be: 
replaced by their initial constant values. On the contrary, the 
“fast” variables z; have time to reach their steady-state values, if 
there are such values. Thus, the variables x; may be replaced by their 
steady-state values, and out of NV equations there remain only m 
equations. We shall repeatedly make use of this simplifying proce- 
dure in the subsequent discussion. 


15.3. Lotka-Volterra Models 
The physico-mathematical modelling of biological processes start- 
ed with the model of an autocatalytic chemical reaction proposed 
by Lotka (1920) and the prey-predator model advanced by Volterra 
(1930). These models share many similarities. They belong to the 
simplest models that describe the behaviour of nonlinear systems 
and are at the same time important for a number of chemical and 
biological problems. We shall begin our consideration with these. 
models, which provide us with the required. examples of nonlinear. 
dynamics. 
Lotka considered the following system of reactions: 
Ry a 
Ax ) 


ko i 
X4+Y—"2Y (ID 
Rog 
hs 
YE (IIT) 
R_3 
The overall reaction is A = E. Step (II) is autocatalytic. Substance 
A is in excess and therefore reaction (I) is zero-order. 
The total affinity corresponding to the overall reaction (cf. page 
322) is given by 


= = kykoks [A] ‘of 
A=ArtdAut Arm= RT In ey ay 

Near ene the system is linear: 7 
isk SL, v= MeXeqVeq SL, vhs hsYeq HE (15.22) 


33% 
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The stability condition assumes the form 
key (8 A1)? + hee X eq¥ eq (5 A11)? + h3Yeq (5 A111)2?=>0 = (15.28) 


Near equilibrium it is fulfilled (cf. page 343). Far from equilibrium 
the reverse reactions may be neglected, i.e., we may put k_,=k_, = 
=k_, = 0. Hence, 4— oo. The kinetic equations are nonlinear 
and asymmetric: 


X=hy—hXY, Y=mXY—kjY, E=hs¥ (15.24) 


The only steady-state solution corresponds to the condition 
X = Y = 0. We have 
X°=k,/ke, Y°=k,/k, 


How will the system behave far from equilibrium? Let us consider 
this on the basis of the prey-predator model studied by Volterra. 

Suppose a certain habitat is shared by predators and their preys, 
‘say, lynxes and hares. The lynxes feed only on hares and the latter 
feed on vegetation abundantly available in the area. The number of 
preys is X and the number of predators is Y. The behaviour of the 
populations in time is described by the equations 


X=hX—kXY, Y=k'XY—hY (15.25) 


The constant k, characterizes the growth of the population of preys; 
the constant & is their death rate as a result of encounters with pre- 
-dators; k’ characterizes the growth of the population of predators, 
which requires a food supply, i.e., encounters with preys; k, is the 
rate of death of predators. Equations (15.25) are similar in general 
outline to Eqs. (15.24). Let us find the steady-state values of the 


variables from Eqs. (15.25) at X=Y=0: 
X°=kh/k', Y=hy/k 
The quantities X and Y are represented in the form 
X = X%%, Y = Yb (15.26) 


where a@ = In (X/X°) and B = In (Y/Y°) are the measures of the 
deviation of X and Y from the steady state, in which a = f = 0. 
Equations (15.25) will now be rewritten as follows: 


Ee 
ie 


4 ° 


a=¥°(1—e6), — B= — X(t —e%) (45.27) 
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We multiply the first equation by X° (1 — e%) and the second by 
Y° (4 — e®) and then add them up: 


4 x (1—e%) +L YB —e6) =0 
or 
d 4 4 
“Te [= xX’ (e* — a) ar y° (e®—B) | =O 
that is, 
+X" (e#—a) + ¥"(e8—p)=K=const — (15.28) 


The quantity K is the constant of motion. Both terms in K are po- 
sitive since if a >> 0, then e* >a, and if a <0, then e* > 0. 

We introduce the notations e* = g and e® = . Multiplying both 
sides of Eq. (15.28) by kk’, we have (since k’X° = k, and kY° = k,): 


k, (9 — In g) + k, (p — In) = Kkk’ = const 
Dividing by k,k,, we find 


4 4 kk’ 
= (p—I1n 9) sar (»—In W)=kKTE= const 


Linearizing, we obtain 
(pe-%) 1/81 (he-¥) 1/42 == UV = const (15.29) 


The equation UV = const is the equation of the hyperbola. Its plot 
is shown in Fig. 15.8a. Figure 15.8 (6 and c) also shows the behaviour 
of the functions V (wp) and U (q). These curves have maxima. The 
dependence of @ on tp which follows from Eq. (15.29) is given in 
Fig. 15.8d. To the maxima of U and V there correspond the points 
A and B onthe hyperbola. Upon motion between these two limiting 
points in the q, -plane there is described a limit cycle, whose shape 
depends on the initial conditions. To the steady state there correspond 
the points A and B on the hyperbola, the points of the maxima M, 
and M, on the U (g) and V (p) curves and a singular point of the 
type of the centre in the g, -plane. 

Let us define the behaviour of the system near the singular point. 
We linearize system (15.25), i.e., we look for its solution of the form 


X = X94 zeM@, Y = Y9 + yelt (45.30) 


with |z |, |y |< X°, Y°. Neglecting the terms that are nonlinear 
with respect to z, y, we obtain 


ne Ah y—0, —FH 24 ay=0 (15.31) 
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The condition for the compatibility of these two equations is the 
characteristic equation 


2 + keke = (15.32) 
and A = iw is an imaginary quantity. The oscillation frequency is 
given by 


v= 2-1 VER, (15.33) 


on Om 


It is independent of the constants k and k’. Conversely, the ampli- 
tudes of oscillations depend on all the four constants. From Egs. 
(15.31) and (15.32) it follows that 


fai ch / (15.34) 


Thus, the populations X and Y undergo periodic oscillations of 
equal frequency shifted in phase. For comparison, Fig. 15.9 shows 


Fig. 15.8. Construction of integral curves for the Lotka-Volterra model. See the 
explanation in the text. 


the dynamics of the lynx and hare populations in Canada for the 
period 1845-1935 according to the data of a fur company. Such a 
behaviour also arises from spectacular considerations. Suppose that 
at the beginning of the period the population of hares was large. 
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The lynx population increased but the number of hares was reduced. 
This was followed by a decrease in the number of lynxes, and the 
size of the hare population increased again, etc. In simple cases, the 
results of the application of a mathematical, model are qualitatively 
obvious. However, without analysis, it is impossible to establish 
either the frequency or the amplitude of oscillations of X and Y. 
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Fig. 15.9. The dynamics of hare and lynx populations in Canada for the period 
1845-1935. 


In more complicated cases, mathematical models disclose peculiar- 
ities that are not obvious at all in advance. 

We have examined the behaviour of a conservative system. In 
fact, the populations of species may increase only up to a certain 
point, to the values X(™ and Y(™ corresponding to saturation. 
The maximum of prey reproduction is expressed by the following 
relation (Verhulst): 


. ximy)_ xX 
X =X Sp —kXY (15.35) 
We have, as before, 
Y =h'XY —hY (45.36) 


The system (15.35), (15.36) is no longer conservative and has no 
constant of motion. 

Equations of the type (15.25) are extended to any number of 
inleracting populations. The study of the corresponding systems 
is important for ecology. 

The Lotka autocatalysis equations, which are similar to the Vol- 
terra equations, also lead to a periodic behaviour. We see that non- 
linear asymmetric systems are capable of a time-ordered behaviour. 
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We have already seen that i»: chemical processes 
dyo=— Yi vd A; <0 (15.37) 


(compare with Eq. (15.3)). Near the steady state 
T5x0= >’ 'v,d (64;)<0 (15.38) 


a 
Expanding 6v; in a series in 6,4;, we obtain 
bu; = > Li SA; (15.39) 
J 


where Li; = (0v;/04;)) are derivati« +s taken for the steady state. 
Generally speaking, Li; may contain both a symmetric and an asym- 
metric part. Under linearity conditions, i.e., near equilibrium, the 
coefficients Lj; coincide with 
the Onsager coefficients and their 
antisymmetric parts are equal 


to zero. Far from equilibrium 
CED this is also possible. Then 
Tdyo=d¥ <0 (45.40) 


where 


=> S'1ij84;8A; (15.44) 


i,j 


A, 


ke 
Fig. 15.10. The rotation of an antisym- 
metric chemical system around the 
steady state. is the kinetic potential. How- 
ever, if the antisymmetric parts 
of Li; are different from zero, 
then in the general case no kinetic potential exists. Suppose that 
two chemical processes are described by the antisymmetric matrix 
Li, i.e., 
Lip=Lo2=0, Lig= —Loy= —L’ 
Then. 
Tdxo = L’ (8Aed (841) — 641d (842))<0 (15.42) 


Such a system rotates around the steady state, without getting into 
it. The phase pattern has the form shown in Fig. 15.10; the point 
corresponding to the steady state is the centre. Introducing the po- 
lar coordinates r and @ in the 4,, 4, plane, we obtain 


Tdx o = — L'r’*dpx<0 (15.43) 


But the function ¥ = L’r’q is not a potential—it increases by 2nL'r* 
with every revolution. 

It is exactly this situation that has been dealt with in considering 
he Lotka-Volterra syste m. 
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15.4. Autocatalytic Systems 

The Lotka chemical autocatalytic system considered above is. 
an oscillatory system: it is characterized by a singular point of the 
centre type. Let us now discuss more complex point autocatalytic 
chemical systems. We shall consider the so-called Brusselator—the 
Prigogine-Lefever-Nicolis model. 

We have four coupled reactions: 


A“3x () 
ox-+Y—33x (II) 
B+xX-—SD+Y (IT) 
x4 (IV) 


The overall reaction is A + B—D + E. Reaction (II) is autocata- 
lytic. 

The kinetic equations for the intermediate compounds X and Y 
are as follows: 


X=h,A-+ k,X2Y —k,BX —h,X 


: (15.44). 
= —kh,X*Y +k,BX 
We introduce the dimensionless variables 
t=hkt, c= XVkK/k, y= VV Esty 
a= A (ky/k,) V kglk,, b = Bkg/k, 
The following equations are obtained: 
drildt = a+ x*y — br —2 
(45.45): 


dy/dt = —zx*y + bx 


Analogous equations are obtained at k, = kz = kg = k, = 1 and 
= 1. We find the steady-state solution by equating the left-hand 
sides uf Eqs. (15.45) to zero. From the second equation we find 
LYo = bro; substituting into the first equation, we obtain x = a@ 
and, hence, yp = b/a. This solution is the only one. We study its 
stability. We seek the solution for Eqs. (15.45) in the form 


r=a+aet, y=b/a-+ pert (15.46). 
with | a |, |B |<a, b/a. In the linear approximation we get 


an=(b—1)a+aB, PpA= —ba—ap 
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and the characteristic equation 
V+(@+1—bA+a=0 (45.47) 
which has the roots 
Ma=—>(@+1—l) +V @F1—be— 4a? (15.48) 
Since 4A, = a? > 0, it follows that the roots are either real and 


have equal signs or are complex-conjugate. Hence, we deal with 
cases 1, 2 or 5, 6 of the classification given on page 510. The singular 
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Fig. 15.41. The regions in the a,b Fig. 15.12. The phase trajectory of 
plane. the Brusselator. 


point corresponding to the steady state is a stable or unstable node 
-or focus. The system becomes unstable when the parameter b exceeds 
the value that satisfies the condition 


p=@’+i-—-b=0 


‘The value bo; = a? + 1 is the critical, bifurcation point. The pa- 
tabola 6 = a* + 1 in the a, b-plane separates the stable regions 
from the unstable ones: the system has unstable nodes or foci at 
b > be = a? + 1 and stable nodes and foci at b << by = a? 4 1. 
‘To the parabola itself, b = a? + 1, there correspond the centres— 
at this value \,,. = --ai and the system performs undamped oscil- 
lations. The curves that separate the focal region from the nodal 
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region are found from the condition of the equality of the square 
root in Eq. (45.48) to zero. We obtain 


b= (a+ 1)? 


Thus, the a, b-plane is divided up into four regions (Fig. 15.11). 
In region J the deviations from the steady state decrease exponential- 
ly; in region JV they increase exponentially. In region JJ damped 
oscillations occur, and in region IJI the occurrence of unstable auto- 
oscillations is observed. The exponential increase in region JV at 
a large amplitude is interrupted and repeats periodically—a limit 
cycle occurs. The phase trajec- 
tory of the Brusselator at a = 2 
and 6 = 10, i.e., in region IV, x 
is shown in Fig. 15.12. The 
limit cycle has a shape close to 15 
a triangle and the auto-oscilla- 
tions are of a sharp relaxational 
character (Fig. 15.13). It should 
be emphasized that the limit 
cycle is not considered in the 10 
study of linearized equations— 
it emerges at a sufficient dis- 
tance from the singular point. 
The results presented in Figs. 5 
15.12 and 15.13 have been ob- 
tained by means of a numerical 
integration of nonlinear equa- 
tions. 

The Brusselator differs from 
the Lotka-Volterra system. The Pe, ee ee 
latter has an infinite number 
of possible periodic orbits around 
the steady state, the  tran- 
sitions between which are accom- 
plished through changes in the initial conditions and the para- 
meters. Conversely, the Brusselator is a nonconservative system 
which comes to a time-ordered coherent auto-oscillatory regime, inde- 
pendently of the initial conditions if the system’s parameters corre- 
spond to the region of unstable nodes. 

Thus, point autocatalytic systems, one example of which is the 
Brusselator, are capable of passing over to a state ordered with re- 
spect to time. 

We now turn to distributed autocatalytic systems. As we shall see, 
far from equilibrium such systems can form space-ordered dissipa- 
live structures. The distribution of the system in space is determined 
by the presence of diffusion. 


Fig. 15.13. The auto-oscillations of 
the Brusselator. 
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The problem of the stability towards diffusion was first studied 
by Turing (1952) in a remarkable paper “On the Chemical Basis of 
Morphogenesis”. The ultimate goal of this work and also of the inves- 
tigations based on it is to arrive at a model interpretation of bio- 
logical phenomena that determine the ontogenetic development 
(see Chapter 17). 

Let us supplement Eqs. (15.45) by terms that describe one-dimen- 
sional diffusion along the coordinate r. We have 


ad ze Sat ay tet Pas oe 

. (15.49) 
— — _. 72: 

oe xy +br+D, oY ae 


The substances x and y (i.e., X and Y) are characterized by differ- 
ent one-dimensional-diffusion constants, D, and D,. 
We look for the solutions of the system (15.49) in the form of con- 
centration waves (cf. Eqs. (15.46)): 
x= 2) + aexp (At + ir/l) 
(15.50) 
y = Yo + B exp (At + ir/d) 
Here / is the wavelength which characterizes the space inhomogeneity, 
aX 2X, PK Yo. Lo = 4, Yo = D/a. Substituting Eqs. (15.50) into 
Eqs. (15.49), we arrive at the characteristic equation 


EAP + (a2 + 1—b+E+n) Ata? (1+8)+(1—b) 1+ 
+§&=0 (15.514) 
where € = D,/l, n = D,/l. At 1 oo the system becomes homogeneous 
and Eq. (15.51) coincides with Eq. (15.48). 
Equation (15.51) gives two types of instability. The transition 


to the first type occurs when the factor at 4 is equal to zero and 
the sum of the free terms is positive: 


ber =1+a?+E+y 


The second transition corresponds to the case where the sum of 
the free terms is equal to zero: 


Der = (a? +9) (1+ §)/n 


In the second case one of the roots in Eq. (15.51) vanishes. Thus, 
the solutions are stable in the region 


Der KO < Dey 
The instability conditions have the form 
b>b and b< bh, 
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The wavelength J at which bc, is minimal is 1 oo, &, yn >0 and 
min bo, = 1+a%. The minimum of b¢, is found by equating the 
derivative of bc, with respect to 7 to zero. We obtain lj, = 
= (D,D,)?/a— and min bor = [1 + a(D,/D,)/7)?. Instability arises 
when 6b reaches the lesser of these two values. If D, = Dy, then 


min be, = 1-++-a?< min bo, = (1+ a)? 


and a limit cycle is realized. But at sufficiently small D,/D,, 
min bc, > min b¢, —there appears space inhomogeneity, i.e., a 
symmetry-breaking occurs. For b larger than b,, the fluctuations 
with Z close to J/,; are amplified and the system leaves the steady 
state. Then it is stabilized in a new steady state, which is. spatially 
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Vig. 15.14. The steady-state distribution of a substance as a result of a symmetry 
breaking instability. The concentrations X and Y on the boundaries of the 
region are kept equal to the homogeneous steady-state values of X = 2 and 
Y = 2.62. The values of the parameters are as follows: 


a = 2,000, b = 5.24, Dy = 1.6 + 107%, Dy=8 + 10-%, ie, min bg, =5 and min by, 7.7. 


inhomogeneous. Figure 15.14 shows the calculated steady-state 
nonuniform distribution of X and Y in space for the system (15.49) 
which arises beyond the limits of a symmetry-breaking instability. 
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In considering the point and distributed Brusselators we neglect«l 
the reverse reactions and, thereby, moved far away from equilibrium. 
The spatial structure depicted in Fig. 15.15 is stabilized by a flux 
of energy and matter passing through an open system. This dissi 
pative structure is characterized by a lower entropy than the orig. 
inal homogeneous system—a phenomenon called order through 
fluctuations is realized. 

Of course, a real system is not a homogeneous system with constan! 
boundary conditions. The concentrations themselves (dimension 
less), a and b, that appear as the parameters, depend on r and J. 


‘0 0.5L \ 


Fig. 15.15. The properties of the auto- Fig. 15.16. A localized steady-state 
catalytic system under consideration dissipative structure that arises in 
at given values of a, D,,D, and region JI of Fig. 15.45. 

Dy, ‘> co as functions of b and Dy 

(in arbitrary units): 

I—region of stable steady state; I1I—region 


of a monotonic increase of fluctuations; 
I1I—region of amplified oscillations. 


Let us consider the same system (15.49), assuming for simplicity 
that b is constant and taking account of the changes of a: 


20) —a(r, + D, Od (15,52) 


or? 


We look for a general solution of Eqs. (15.49) and (15.52) that would 
satisfy the boundary conditions 


a(0)=a(L)=a, x(0)=2(L)=2 
y(0)=y(L)=y O<r<L) 


The properties of this solution are as follows: 
41. Near equilibrium there is only one stable steady state. 
2. Far from equilibrium various situations may arise (Fig. 15.15). 


15.5. Phase Transitions 527 


3. In region JJ of the diagram (Fig. 15.15) the thermodynamic 
(static) branch becomes unstable with respect to fluctuations in 
chemical composition. Beyond the threshold of b the initial devia- 
tions from the steady state become largersand eventually bring the 
system to a new steady state corresponding to the nonuniform 
distribution of xz and y (Fig. 15.16). 

4. ForD,>> D,>D, ~ D, the thermodynamic branch is unstable 
and the system passes over to a spatially inhomogeneous time- 
dependent state. There arise concentration waves which propagate in 
the reaction volume and are reflected from the boundaries of the 
system. At each point there occur oscillations in concentration. 

od. At finite values of D, the structures described are localized 
inside the reaction volume. Their boundaries and also periods are 
determined by the values of the quantities a, b, D,., etc., independent- 
ly of the initial conditions. At D,, D, — oo the structures occupy 
the entire volume. If D, and D, are very large as compared with the 
chemical rates in region J/I (Fig. 15.15), the space dependence dis- 
appears and the system oscillates everywhere with the same phase. 
There is realized a limit cycle and the periodic motion is stable. 

The concentration oscillations and waves will be discussed in. 
Sec. 16.4 


15.5. Phase Transitions 

The emergence of static order from disorder under thermodynam- 
ic equilibrium conditions occurs through a phase transition. In 
the transition region the system is unstable. In a first-order transi- 
tion, say, in the transition gas > liquid, the basic thermodynamic 
quantities—enthalpy, entropy, and volume—undergo a breakdown. 
In a second-order phase transition the state of the system is contin- 
uously altered, but symmetry is changed in a discontinuous man- 
ner. In this case, not the basic thermodynamic quantities but their 
derivatives are broken—heat capacity, compressibility, and the 
thermal expansion coefficient. An example is the transition para- 
magnetic — ferromagnetic at the Curie point. 

The points of phase transitions are singular points at which the 
character of the functional dependence of the chemical potential on 
temperature and pressure is changed. 

As we have already seen, transitions involving the appearance 
of space and/or time order far from equilibrium also occur discontin- 
uously, being associated with the instabilities of the initial states. 
The transition of radiating atoms at the critical values of the optical 
pumping parameter to a coherent laser radiation exhibits all the 
specific features of a phase transition. 

Consider a simpler physical example—an electric circuit with 
a diode (Fig. 15.17).. The straight dotted line on the graph represents 
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a current that flows through a resistor as a function of the voltage 
on the diode, and the solid line represents the current-voltage char- 
acteristic of the diode. Under steady-state conditions the currents 
that pass through the resistors and the diode must be equal—this 
is marked by the points A, B, and C. In order to determine the sta- 
bilities of these states, it is necessary, as is always the case, to lin- 
earize equations that describe the circuit near those states. The 
linearized circuit contains a capacitor connected in parallel with 


' 
' 
' 
Ey? 0 X, XF1 X, ¥. 


Fig. 15.17. An electric circuit witha Fig. 15.48. A first-order phase transi- 
diode and its current-voltage charac- tion in an autocatalytic chemical reac- 
teristic tion. 


the resistor R and the differential resistor dp/dI of the diode. If 
these two parallel resistances are positive, the circuit is stable. 
This is valid for the points A and C but not for the point B. The 
system has two different stable steady states, A and C, it is bistable, 
and the transition from one state to the other has the character of 
a phase transition. The system is a flow, nonequilibrium system. 

We shall now consider autocatalytic chemical reactions (Schlég]l, 
1972). We have already seen that chemical processes of this kind 
can give rise to dynamic order. 

Consider the reactions 


hy 
A+2X ~~ 3X (I) 
hoy 
he 
B+X——C (II) 
Rig 


The overall reaction is A + B = C. The reaction rates are given by 
yy => kyAX?2— k_,X? and Vg= koBX — k2C (15.53) 
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We put for simplicity k_, = 1 and k,A = 3 and introduce the no- 
tations k,B = f and k_,C = g. The rate of change of the concentra- 
tion X is 


Xp, —v,=— 8° 3K fxg (15.54) 


In the steady states X=0or 
g = X® — 3X? + fx (15.55) 
The g (X) curves, which represent this dependence, are shown in 


Fig. 15.18. The equation X = 0 has three roots. These roots coin- 
cide at the critical value of f = fe,: 


g= 1, fer = 3, Xer = 1 


Three different real and positive values of the roots X,>X,>X, 
are possible only at f < 3..The solutions of X,, X, are stable and 
the unstable root X, is on the descending branch of the g (X) curve. 
The picture obtained is similar to that for the circuit with a diode. 
Even more informative is the similarity to the gas-liquid phase dia- 
gram. Here the concentration X plays the role of the density V-}; 
the quantity g corresponds to the pressure p and the quantity f to 
the temperature RT. We obtain 


e=+-S44 (15.55a) 
The van der Waals equation has the form 
p= ~S a (15.56) 
or, expanding into a series in b (the virial form), 
pao ee pate 4 ait ai (15.57) 
A full analogy obtains for the virial equation of state 
=7-44% (15.58) 


with the coefficients a, and a, being independent of temperature. 

Thus, in the autocatalytic system under consideration there oc- 
curs, at f << f,;, a transition between two stable steady states X, 
and X, which is similar to a first-order phase transition. To the 
external conditions specified by f and g there correspond two com- 
peting states, X, and X,. This transition is not associated with sym- 
metry breaking (a gas and a liquid have the same symmetry). It 
can be shown that the Maxwell condition—the equality of the areas 
+ and — in Fig. 15.18 is fulfilled. 


34—0279 
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If the chemical reaction is accompanied by the diffusion of sub- 
stance X (the system is a distributed system), then at constant 
values of A, B, and C we obtain 


° 2 £ 
X=g(X)+D$4 (15.59) 


Here the dependence g (X) may be represented in the form 


0 0 1 4 > 
g(X) = ® (X)= sx(z X*— X*4 > fX?) (45.60) 
where ® (X) plays the role of a certain potential. The steady states 
satisfy the condition X = 0, i.e., the equation 
02X Tt) 


This equation is similar to the equation that describes the motion 
of a material point in a potential field if D is the “mass”, r is the 
“time”, and X is the “coordinate”. There exists a steady state in 


ry 1 
! 
: i 
! t 
' ' 
i) 1 
1 t 
1 ' 
' ' 
4 i} 
X X 


1 2 x 1 f 
Fig. 15.19. The coexistence of phases Fig. 15.20. A second-order phase tran- 
X, and Xzq. sition in an autocatalytic chemical 
reaction. 


which two phases, X, and X., coexist, with X > X, at r— oo 
and X > X, at r— — oo; to the values X, and X, there correspond 
the relative maxima of ® (X). In the steady state the “mass” D is 
shifted from one maximum of ® (X) at which this “mass” was at 
rest to the other maximum at which it also reaches a state of rest. 
This is possible only if the values of M at both points are equal 
(Fig. 15.49): 

® (X,) = ® (X,) (15.62) 
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This is the condition for the coexistence of two “phases” that fixes 
the value of g. It can be shown that this condition leads to 


g=f—2, X,2.=1F (3—f)'?, X;=1 (15.63) 


Apart from first-order transitions, nonlinear autocatalytic reac- 
tions can lead to nonequilibrium transitions similar to second-order 
phase transitions. Consider the reactions 

hy 


A+X_ 2x (I) 
hy 
he 

B+X__—C (II) 
Re 


Their rates are equal to 
y= k,AX = k_,X?, vg = kypBX — k_.C (15.64) 
Putting k,A = 1, k_, =1, kB =f and k_,C = g, we find that 


X=v,-vy= —X*4+(1—f)X+e=0(X)+g (45.65) 


Here X > 0 at small X and X <0 at large X. Hence, the steady 
state corresponding to X = 0 is stable. In this state 


g=X?—(1—f)X =— @ (X) (15.66) 
If g = 0, then 


1— 1 
x={ Cet (15.67) 


0 at f>1 


Such a behaviour of the quantity X is characteristic of second-order 
transitions, say, the transition from the ferromagnetic to the para- 
magnetic state. In this analogy X plays the role of the order (magne, 
tization) parameter; g is the magnetic field strength; f is the tem- 
perature. The value of f = f,, = 1 corresponds to the Curie point. 
At f < fcr the symmetry is broken. It is exactly at the critical point 
that small fluctuations increase up to macroscopic values. Figure 
15.20 shows curves of X vs. f for different values of g. 

The behaviour of a model chemical system which is similar to 
phase transition implies its collective properties. The transitions 
occur according to the all-or-none law. They take place in trigger 
systems as a result of small fluctuations. 

The diverse biological phenomena are of the dynamical nature 
similar to that of phase transitions. The further development of the 
theory of nonequilibrium phase transitions as the mechanisms of 
biological processes seems to be promising. Some interesting results 
have already been. obtained. Chaikovsky and Ebeling (1977) have 
studied ‘such transitions in systems of enzymati¢ reactions in the 
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presence of substrate inhibition and diffusion. They have demon- 
strated the possibility of the spatial separation of phases correspond- 
Be to complexes of an enzyme with several substrate molecules. 

elintsev and Volkenshtein (1977) have shown that the emergence 
ef a new species as a result of the geographic separation of popula- 
tions is similar to a phase transition. Similar phenomena occur in 
a number of membrane processes, in particular, in the generation 
of a nerve impulse (see Sections 11.3 and 16.5). 


[pre 
ies 


15.6. Stochastic Processes 
-: In describing dynamical processes we employed the apparatus 
of differential equations. But, as has been said (page 504), with a 
limited number of molecules or species one has to take direct ac- 
count of the discreteness of their emergence and destruction—the 
acts of “birth” and “death”. No half molecule or half hare can appear 
br disappear in nature. Discrete systems are described by stochastic 
equations based on probability theory. We shall confine ourselves 
to a consideration of two examples. 
Let us return to the system of chemical reactions considered on 
page 531: 
Ay 
A-+X — 2X (I) 
Raa 
hy 
B+X—"C¢ (II) 


—e 


hos 


Considering that the molecules are “born” and “die”, we derive the 
master equation for the system, the variables being here not the con- 
centrations but the numbers of molecules. Let N denote the number 
of molecules of X; the probability distribution, which changes with 
time, is expressed by the function P (N, t). In each of the reaction NV 
is changed by unity. Let us begin with reaction (II). 

1. The transition N + N + 1 is the “birth” of a molecule of X. 
The number of such transitions per unit time is equal to 
P(N, t)W(N +1, N), where W(N + 1, N) is the transition prob- 
ability given by 


W(N +4, N) = k.CV 


where C is the concentration of molecules of C, i.e., their number in 
unit volume; V is the volume; CV is the number of reacting mole- 
cules of C. 

2. The transition N — 1 — N is also the “birth” of X. The num- 
ber of such transitions per second is P (V — 1, t)k_,CV. Taking 
into account the fact that the “population” of the level NV is simul- 
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taneously diminished as a result of process ah we obtain the total 
rate of transition in the reaction C ~ B + X 


(P (N — 1, t) — P(N, t)] kaCV 
Let us now consider the reaction B + X —C. In this reaction 
the molecules of X “die”; the number N decreases by unity. We have 


the transitions N +1—>WN and N—WN —1. The total rate is 
given by 


[P(N +4, t) (N +1) — P(N, t) N) kB 


where B is the concentration of B. In an analogous way we find the 
rates for the forward and reverse reactions (I). In the reaction 
A + X — 2X the molecules of X are “horn” at the rate 


[P (N — 1, t) (N —1) — P(N, t) NJ k,A 
and in the reaction 2X — A + X they “die” at the rate 
[P(N +1, ) (N +1) N — P(N, t) N (N —1)] k_,/V 
We can now write the master equation. It has the form 
P(N, th=P(N—1, t)W(N, N—1)4+P(N+1,0W(N,N+1)— 
— P(N, t)(W(N+1, N)+W(N—1, N)] (15.68) 
where 


W (N, N—1)=(h, 


2C)V 


(15.69) 
W(N, N+1)= re | V 


There is a difficulty which consists in that the steady-state solution 
of Eq. (15.68) is P (0) = 1, P (V) = 0 at N #0. Therefore we have 
to introduce a third process of the spontaneous birth of molecules 
of X from molecules of A: 


A-}x (IIT) 
in which case formulas (15.69) transform to 


W O(N, ens ney 


: (15.70) 
The solution of Eq. (15.68) oe i form 
'W(n+H4, n) . 
5 aa a Tl Wee) (15.71) 
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.. In order to pass to the deterministic continuity equation (15.64), 
(15.65), let us find the average values of N and the probabilities W. 
We have 


(N) = 2, NP(N, 2) (45.72) 


(W(N+1, N))= DWN + 4, N) P(N, t) (15.78) 
N= 
and 
SM) =(W (N44, N)—(W(N—1, My) (15.74) 


Using Eqs. (15.69), we obtain 


d (N-+4) (N (N—1)) (N) - 
+ (N)= [14 St hg — hg OO BS | V (45.75) 


This equation coincides with the continuity equation at large N, 
when unity may be neglected as compared with N and (N)/V 
may be replaced by X. We obtain 


X =k, AX 4+ hg? — kX? —k,BX =v,—vy 


which coincides with Eq. (15.64). The replacement of (N)/V 
by the concentration is quite strict if P is a Poisson distribution. 
The condition for such a distribution is the detailed balance for the 
distributions in each of reactions (I) and (II) separately. This is 
always valid at thermodynamic equilibrium but may not be ful- 
filled far from it. Therefore, the question of the relationship be- 
tween deterministic and stochastic equations always requires a 
special study. 

As a second example, let us consider the prey-predator model pro- 
posed by Volterra (Sec. 15.3). Let us denote the number of hares by 
M and the number of lynxes by NV. The reproduction of hares, i.e., 
the transitions M-— M + 1, is described by the probability 


W(M +1,N; M,N) =k,M 


The death of lynxes is described by the probability of the transitions 
N—>WN—1: 

W (M, N—1; M, N) =k,.N 
In encounters between lynxes and hares there occur the transitions 
M— M —1 and NWN +1 with the probabilities 


W(M —1,N+1; M, N) = kMN 
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We put k’ = k (see page 516). The basic kinetic equation has the 
form 


P(M, N; t)=hy(M—1) P(M—1, N; t)+ 
+kh,(N+1)P(M, N+4; t)+k(M+1)(N—1) x 
xP(M+1, N—4; t)—(kiM+h,.N+hMN) P(M, N; t) (15.76) 


Of course, at negative values of M and WN there is imposed the con- 
dition P = 0. The only steady-state solution, P = 0, corresponds 


to P (0, 0) = 1 and the remaining ones to P = 0. In other words, 
both species will be exterminated. The comparison with the Lotka- 
Volterra differential equations discloses the meaning of this result. 
We have already seen that the closed phase trajectories surrounding 
the centre can change with any fluctuations—the system moves 
from one trajectory to another when the initial conditions are al- 
tered. If the hares were accidentally exterminated, the lynxes would 
not survive and M = N = 0 is the only steady state. The hares can 
hide from the lynxes or run away from them to other areas. 

We see that the analysis of a stochastic equation yields in this 
case new informative results. 


15.7. Dynamics and Regulation 

The emergence of a collective behaviour of an open system ordered 
in time and space as a result of a transition similar to a phase tran- 
sition implies the presence of special regulatory potentialities in 
such systems. The spatial localization of matter (see page 525) is 
a probable mechanism of stabilization of a dissipative structure with 
respect to changes in the chemical environment. 

Localized systems are characterized by the production of large 
amounts of a certain substance in a limited region of space. The 
system thus displays regulatory properties. The concentration waves 
(page 526) constitute a mechanism of propagation and transfer of 
information in the form of chemical, molecular signals, and steady- 
state localized structures store the information. 

Biological macromolecules, supermolecular structures, cellular 
organelles, cells, organisms, populations are all complex systems, 
i.e., assemblies of elements interacting with one another. The study 
of life phenomena is based on the investigations of such interactions. 
At the same time, a physical consideration of a complex system can- 
not be carried out without studying its constituent elements taken 
separately, including the molecular level of organization. The inter- 
actions themselves are controlled by the nature of these elements. 
Accordingly, we deal with an enzyme and a gene, with an axon and 
a myofibril, with a mitochondrion and a chloroplast. These elements 
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of complicated systems are complex systems themselves. The analy- 
sis of life phenomena at all levels of organization requires ap- 
‘proaches consistent with the concepts of the general theory of systems. 

Specific interactions in biological systems lead to the regulation of 
their behaviour, the maintenance of constant values of the vital para- 
meters of the system under steady-state conditions, and to the di- 
rected self-organization of a developing organism. 

In biology there has long appeared the concept of homeostasis, 
which implies the tendency to maintain the internal environment at 
a constant level. However, as has been pointed out by Waddington, 
one should speak not of homeostasis but rather of homeorhesis— 
life phenomena are dynamical in character and here the stabilization 
of flows is essential. Homeorhesis implies the presence of a steady 
state or a stationary closed trajectory on the phase pattern of an open 
system,in particular, the presence of a limit cycle. Homeorhesis is 
maintained by regulatory processes, which restore the phase tra- 
jectories upon deviations from them that are caused by changes 
in the environmental conditions. 

Using the language of the theory of control, let us say that an open 
system is characterized by the presence of an input and an output sig- 
nal—the action on the system and its response to that action. The 
law of the behaviour of the system determines the dependence of the 
output quantity on the input influence. The tasks of the theory of 
systems in their general outline consist in combining two known 
factors with the purpose of finding the third. These three factors are 
the input quantity, the behaviorial law, and the output quantity. The 
key problems of biophysics boil down to finding the structure and 
laws of the behaviour of a “black box”—a biological system. An en- 
zyme, a cell, and an organism are all “black boxes”. The engineer de- 
signs a “white box”—a machine that transforms the input signals to 
the output signals according to the intended goal. In biology, “boxes” 
have been created by nature and the objective of physics is to study 
their internal structure and functionality. 

Regulation, which ensures the maintenance of homeorhesis or op- 
timal responses to external influences, is accomplished as a result of 
the interaction between the output and input signals, i.e., as a re- 
sult of feedback. In the simplest case, regulation maintains the out- 
put quantity at a constant level, say, the temperature of the labora- 
tory thermostat. The simplest regulatory system contains a control- 
ling device, which is subject to the influence of the output signal, 
and the object to be controlled, which produces this signal (see 
page 485). 

The interactions in a biological system are either strong (chemical 
interactions) or weak (intermolecular interactions) (see Sec. 2.11). 
As arule, chemical reactions and also weak cooperative interactions 
are nonlinear. Nonlinearity is necessary for the control system to 
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be realized. Cooperativity invariably implies the nonlinearity 
of the response of the system to the input signal. 

As we have seen, nonlinear systems behave in diversified ways. 
The presence of multiple steady states determines the possibility of 
switching the system over from one regime, to another even in the 
case of weak interactions. Thus, nonlinear systems possess regulatory 
facilities. 

The mathematical apparatus of the theory of control systems con- 
sists of differential equations. Such an equation describes the rela- 
tionship between input and output signals. The method of transfer 
functions based on the application of Laplace transforms allows one 
to obtain a phenomenological description of control systems. In 
such a case, the method of phase patterns described above is efficient; 
it permits a direct analysis of stability problems. 

The consideration of an organism as a controlled system carried 
out by means of physico-mathematical methods is the basis of theo- 
retical physiology. In Sec. 16.6 we shall consider, as an example, the 
problem of fibrillation of the cardiac muscle. Theory enables one to 
establish the parameters that govern the behaviour of the system and 
to find methods for influencing these parameters. As a matter of fact, 
a number of physiological problems are of the same nature (in parti- 
cular, the problem of immunity, Sec. 17.8). It is necessary to unravel 
the physical essence of regulatory phenomena, to establish what fac- 
tors govern the regulation and, thereby, to find the causes of patho- 
logic abnormalities. In this sense, physics is the basis of physiology. 


Chapter 16 Periodic Chemical and Biological 
Processes 


16.1. Introduction 
In the preceding chapter we have dealt with auto-oscillatory and auto- 
wave processes characteristic of open far-from-equilibrium systems. 
The only experimental fact that we have resorted to so far is the pe- 
riodic change of the populations of hares and lynxes corresponding 
to the Volterra model (page 519). The number of such biological facts 
is, however, very large. At all levels of organization, from the 
macromolecular to the population level, in biological systems there 
occur undamped oscillations of characteristic physical parameters, such 
as enzyme activity and metabolite concentrations, the parameters 
that govern the physiological behaviour, the size of populations, etc. 
One could offer arguments in favour of the point of view that a bio- 
logical system not only can but must be oscillatory. The first argu- 
ment follows from what has been expounded in the preceding chapter. 
A complex open system that involves autocatalytic chemical reactions 
often, while being far from equilibrium, evolves toward limit cycles. 
Consequently, auto-oscillations in such a system are quite probable. 
The second argument has been given by Molchanov. Biological sys- 
tems evolved as a result of a very long evolutionary process. During 
the evolution stable systems must have been equilibrated and become 
part of the outside world. On the contrary, unstable systems degraded 
in the course of the evolution. Hence, only those systems, whose in- 
ternal motions are of the oscillatory nature, could have survived. 
The evolution, both prebiotic and biological, has taken place on 
the Earth which revolves around the Sun and rotates on its axis.\This 
could not but affect the course of the evolution (see Sec. 17.5). At 
the same time, under the conditions of the periodic change‘of tempera- 
ture, light, and humidity the evolution must have reflected in the 
physiology of both animal and plant organisms. This is the third ar- 
gument. The day-and-night, circadian periodicity is really character- 
istic of life processes. In this connection there has been introduced 
the concept of biological clocks. Biological oscillations having a peri- 
od close to a period of 24 hours, such as, for example, the change of 
sleep and awakedness, are referred to as circadian rhythms. Circadian 
rhythms are operative everywhere in living nature; they are endoge- 
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nous, internally generated. The physiological factor responsible for 
circadian rhythms undoubtedly lies in auto-oscillatory processes— 
their periods are practically independent of temperature and other 
environmental factors. Circadian rhythms are autonomous both at 
the organismic and the cellular level. 

The fourth, no less important, argument is that any complex 
machine can operate continuously only by way of a periodic trans- 
formation of energy into work. Periodicity is inherent in any movable 
device—one of the greatest achievements of Homo sapiens was the 
wheel (see, however, page 434). It is obvious that a complex living sys- 
tem capable of autonomous existence attains, in an evolutionary 
way, the level of a periodically operating machine—we mean here 
the respiration and blood-circulation systems. The movements of an 
animal—the running of a cheetah, the jumps of a kangaroo, the flight 
of a bird, the swimming of fish, the creeping movement of a snake, 
the motion of ciliata—are all periodic, often auto-wave oscillatory, 
processes involving the conversion of chemical energy into mechani- 
cal work (see Chapter 12). The theoretical and experimental investi- 
gation of chemical and biological periodic phenomena is therefore of 
fundamental importance for biophysics, biochemistry, physiology, 
and for biology as a whole. 


16.2. Belousov-Zhabotinsky Reactions 

We shall begin our consideration of periodic processes with chemi- 
cal auto-oscillatory phenomena. 

In 1959 Belousov reported the discovery of periodic changes in the 
colour of a solution with a frequency of the order of 10-2 Hz in the 
course of the oxidation of citric acid by bromate with cerium ions 
used as the catalyst. The change of the colour was determined by 
the periodic conversions Ce®*+ =» Ce**, Belousov observed tens of pe- 
riods. Later, detailed experimental and theoretical studies of these 
and related phenomena were carried out by Zhabotinsky and his co- 
workers (1964-1974). 

The Belousov-Zhabotinsky reactions are oxidation-reduction re- 
actions. Let us consider, as an example, the reaction in which the 
oxidant is bromate (the BrOs ion), the reductant is malonic acid 
(MA, H,C (COOH),), wita cerium ions used as the catalyst. The 
oscillations in the colour determined by changes in the concentra- 
tion of Ce** are relaxational in character (see Fig. 16.1a). Their pe- 
riod t consists of two phases, t, and t,—the increase and decrease of 
the concentration [Ce**]. The simplified scheme of the reaction in- 
volves two corresponding steps: 


BrO3, Ht 
Ces —> Cet (I, oxidation) 
A 
Ce4* —> Ce’* (II, reduction) 
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The products of the reduction of the bromate formed in step I bro- 
minate the malonic acid. The reaction yields bromomalonic acid 
(BMA), which is then decomposed to give Br-. The bromide ion 
strongly inhibits the reaction. 

The oscillatory process occurs as follows. Originally, the system 
contains a certain amount of Ce** ions. Step II gives rise to Br- 
ions which inhibit reaction I and disappear at a certain rate from 
the system. The concentration of Ce** decreases as a result of reduc- 
tion II and because of reaction I being inhibited by the bromide. 


Fig. 16.1. The auto-oscillations of 
the concentration of Ce4+ (a). The 
discontinuities of the phases in the 
course of oscillations of Ce4* caused 
by single additions of Br- (bd), 
Ag (c), Ce#+ (d). The arrows indi- 
cate the moments of addition. 


When [Ce**] consumed in reaction II drops to the lower threshold 
value, the concentration of Br- is also diminished. Reaction J starts 
again and the concentration of Ce4* increases. When the upper thresh- 
old value of [Ce**] is reached, [Br~] sharply increases, leading to the 
inhibition of reaction I, following which the cycle repeats. This 
scheme is supported by the following experimental facts: 

4. Small amounts of Br- introduced into the system in the phase of 
increase of [Ce**] cause a phase shift in the chemical oscillation 
(Fig. 16.16). The minimum amount of Br-~ that causes a phase shift 
decreases by the end of the phase 7. 

2. The Br- ions added in the phase t, lengthen it. The effect is 
the stronger, the greater is the amount added and the closer it is to 
the end of T.. 

3. The addition of Ag*, which binds Br-, causes opposite events. 
The introduction of Ag* into the phase t, leads to a phase shift 
(Fig. 16.4c), and the addition in the ascending phase increases 7. 

4. If Br- is continuously gradually added to the system, which is 
in the oscillatory regime, the oscillations are interrupted and the 
concentration [Ce‘+] remains at the lower threshold. After the supply 
of Br~ is stopped the oscillations are resumed. 
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5. A similar result is obtained upon gradual addition of Ce**. 
he The addition of Ce** to the phase t, causes a phase shift (Fig. 

4d). 

The general scheme of the reaction is shown in Fig. 16.2. 

These experiments are highly efficient—the colour of the solution 
periodically changes from blue to pink and back again. 

In auto-oscillatory reactions of this kind the reducing agent must 
be readily oxidized by the oxidized form of the catalyst and must 
not react directly with the bro- 
mate. It is also necessary that 
the reductant be readily bromi- 
nated and the bromo derivatives 
be decomposed with the libera-. 
tion of Br-. A number of reac- 
tions involving various reduc- 
ing agents have been studied. 

Direct experiments have de- 
monstrated that the reactions 
are quite homogeneous; the sur- 
face of the reaction vessel has : . 
no effect either on the course Fig. 16-2, The general, scheme of a 
of a given periodic reaction or 
on the dependence of stability 
on reactant concentration. 

The Belousov-Zhabotinsky reactions are complicated; it is difficult 
to take account of all their steps. The number of steps is presumably 
not less than 11. The problem can, however, be simplified and the 
oscillations in a homogeneous solution can be accounted for by consid- 
ering three key substances: (1) HBrO, which plays the role of an 
intermediate switch; (2) Br- which is a controlling intermedi- 
ate substance; and (3) the catalyst Ce’*. The following reactions 
prevail: 

(a) at a sufficient amount of Br- 


k. 

BrO; -- Br--+- 2H+ —> HBrO, + HBrO (I) 
hy 

HBrO, + Br-+ H* —> 2HBrO (II) 


(b) at a small amount of the Br- left 


k 
BrO3 + HBrO, + Ht —> 2BrO, + H,0 (111) 
k 
2BrO, + 2Ce%+-++ 2H+ —> 2HBrO, + 2Ce4* (IV) 


k 
2HBrO, —> BrO; + HBrO+ H+ (V) 
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The first step determines the rate. Hypobromous acid, HBrO, is 
rapidly consumed for the bromination of malonic acid. In steps (1) 
and (II) there is attained a quasi-stationary state (A): 


k,{HBrO,]4[Br-][H*] © k,[BrO3 ][H*]2[Br-! 


that is, 
[HBrO.]4 ~ (k/k,)[BrOg][H*] 
with klk, = 10-8. 
The rate of the subsequent reactions is limited by step (III). Steps 
(III) and (IV) are jointly autocatalytic with respect to HBrO,. The 
new quasi-stationary state (B) corresponds to the condition 


k[HBr0,]3, ~ kg[Br03 ][HBrO,][H*] 
or 
[HBrO,)}5 ~ (kg/ks)-[BrOg ][H*] 
where k,/ks ~ 10-* and k, = 10* M?s-}. 
Steps (II) and (III) show that Br- and BrO; compete for HBrQ,. 


The autocatalytic production of HBrO, is impossible until k, [Br-] > 
> k,[BrO;]. At the critical bromide concentration 


Rs 
[Br-Jer= —> [Brg] ~ 5 x 10-*[Br05] 


the reaction switches over from (I), (II) to (III), (IV). As the concen- 
tration [HBrO,] increases the concentration [Br~] decreases according 
to step (II) and passes through the critical level. On the other hand, 
the Ce** ions produced in step (IV) regenerate Br-: 


Re 
4Ce*+-+- BrCH(COOH),-++ H,O+ HBrO — 2Br-+-4Ce3*+4-3C0,+6H* (VI) 


The concentration [Br-] again exceeds [Br~-],, and the level of 
[HBrO,], is restored. 

The mathematical model of the process (called the Oregonator) 
is as follows. We introduce the notations: X = |HBrO,], Y =[Br-], 
Z = 2 [Ce*t], A = [BrO;], P and Q are the remaining products. 
The equations (I) through (VI) are rewritten as follows: 


hy hy Rg, 
ALY —>X, X4¥—$P, ALX —-> 0x42, 
h he 
2X —>Q, Z—>vY 


Here v is the appropriate stoichiometric coefficient. The rate con- 
stants evaluated from experiment are as follows: k, = 1.34 M-'s-}, 
k, = 1.6 x 10°M-1s-!, ks, = 8 X 10® M-*s-1, kg = 4 X 107 M-1s-}. 
The values of v and k, are the parameters. The following quantities 
are assumed to be constant: A = 0.06 M and [H*] = 0.8 M. The non- 
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linear equations of the irreversible reactions (i.e., those far from equi- 
librium) are: 


X =k, AY —kyXY + ky, ,AX —2h,X? 
Y = —k,AY —k, XY + vkgZ (16.1) 
Z=ky,, AX —keZ 


We now introduce the dimensionless variables 


—_/s ——_/s — — Fake __ 
tak) yaaa) *= Fa, sar Z 
t=AV hyks ct, q= 2, Ries Hat (16.2) 
ke 
AV kiks, 4 
So we obtain 

dx 
a 8 Yt +e —492") 
d 4 
= (yy t v2) (16.3) 
d 
<= w (t—2) 


From the above estimates it follows that g = 8.4 x 10-*, s ~ 80, 
and w = 0.16k,. The system has two time scales—the evolution of 
zis determined by the large constant s and the evolution of y and 
z is determined by the small constants. 
The steady-state solutions of Eqs. (16.3) are as follows: 
VIXo 


1 
20=%0 Yo THz, =7[(t + ¥) — 42] (16.4) 


The second equation in (16.4) is equivalent to that obtained from the 
first equation in (16.3): 


que + [g—(1—v)] %—(1+v)=0 
Linearization according to the known rule (page 521) yields: 
LT=Iytae™, y=yotPe*, z=2)+ ye 


This system is more complex than those considered earlier (the 
Lotka-Volterra model and the Brusselator)—in this case we have 
a third-order characteristic equation instead of the second-order one: 

3 — fi? + gh —h = 0 (46.5) 


where f, g, and h depend on zy, Yo, and Z) and also on the para- 
meters s, w, v, and g, the values of v and w being varied. An auto- 
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oscillatory process, i.e., a limit cycle, arises if the point (x5, Yo, 
Z)) is unstable. It can be shown that the region of such solutions 
does really exist if 


0.50 << v < 2.41 


Figure 16.3 shows a limit cycle in the log X, log Y plane. 

The oscillatory regime can be controlled through external influ- 
ences, such as a constant influx of Br- or the action of ultraviolet light 
on the solution, which leads 
to the same results, since this 
light decomposes bromomalonic 
acid with the evolution of Br-. 
The auto-oscillations are synchro- 
nized upon action of a periodic 
external force—rectangular light 
pulses with a frequency of recur- 
rence close to the frequency of 
auto-oscillations. Of course, the 
process is stopped when the en- 
Jo ae tire amount of malonic acid pre- 

: : : : : sent is oxidized to CO, (reac- 


oy 
i) 


= 
° 


N 
o 


log{HBrO»1+10.2988 


t 


Jog(Br-]+6.5228 tion (VI)). 
Fig. 16.3. The limit cycle for the We have examined a point, con- 
Oregonator. centrated system. If the system is 


a distributed system, i.e., if chem- 

ical reactions are accompanied 
by diffusion (see Sec. 15.4), wavelike processes can occur in it, whose 
space and time characteristics do not depend on the initial condi- 
tions—they are referred to as autowave processes. Such processes appa- 
rently play an important role in many biological phenomena—in 
morphogenesis (Sec. 17.7) and in the behaviour of excitable tissues 
(Sections 16.5 and 16.6), etc. 

Zhabotinsky and Zaikin have observed and studied the autowave 
auto-oscillatory processes in the chemical system described above. 
For the system to be distributed, no convection must occur in the 
presence of diffusion. This is accomplished in thin tubes (a one-di- 
mensional system) or in thin layers (a two-dimensional system). The 
catalyst used is a ferroin complex of iron instead of Ce3*. The system 
is initiated by touching the surface of the solution with a needle moi- 
stened with a solution of AgNO, (the Ag* ion binds Br-) or with a 
hot filament. There appear waves which run at a velocity of about 
0.01 cm/s. There have been experimentally detected point sources of 
auto-generation—leading centres (LC) that arise in a homogeneous 
medium as a result of local fluctuations in concentration, i.e., 
special initial conditions. The concentration waves spread out 
from a leading centre at constant velocity. Figure 16.4 shows the 
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leading centres photographed in the system indicated at 30-second 
intervals. 

A break in the wavefront may give rise to a reverberator—a spi- 
ral wave. Spiral waves are generated, for example, during the mo- 


Fig. 16.4. The leading centres. 
M a M M M M M 
| 


N N N N N N 
0 1 2 3 4 5 6 
Fig. 16.5. Schematic representation of the formation of a reverberator fromia 


break in the wavefront. 


The solid line represents the zone of stimulation; AB is the line showing the break in the 
front; 0-6—successive moments of time; MN—the front line at zero time. 


tion of a wave in a two-dimensional medium around an opening—a 
spiral wave is the involute of the opening. 

The scheme of formation of a reverberator is given in Fig. 16.5. 
Zhabotinsky and Zaikin observed spiral waves initiated by a distur- 
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Fig. 16.7. The lichen Parmelia centrifuga. 
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bance in the system’s homogeneity—a local decrease in acidity. Fig- 
ure 16.6 shows a photograph of chemical spiral waves and Fig. 16.7 
is a photograph of lichen. An external resemblance is obvious. Of 
course, the periodic growth of lichen is not the analogue of the be- 
haviour of the chemical systems discussed above, but there is every 
ground for believing that chemical auto-oscillatory and autowave 
processes model important biological phenomena. 


16.3. Auto-Oscillations in Glycolysis 

The nonlinearities in the kinetics of biochemical, enzymatic pro- 
cesses manifest themselves, in a number of cases, in the periodicity 
observed. The origin of oscillations in biochemical systems is on the 
whole understandable—they are . SSSS—S—SSSSSSSSSSSSSSSSSSSSSSS 
determined by autocatalysis and 
in this sense are modelled by Y= Y 


periodic reactions in nonliving \ / 
things. ——_> X 7 X’—— 
We have already studied non- 


linear biochemical processes— _ Fig. 16.8. A substrate-inhibited re- 
cooperative enzymatic reactions action. 

(Sec. 6.7). Chemical processes 

that obey the law of mass ac- 

tion are, as a rule, nonlinear. The interactions between the elements 
of a multienzyme system and the interactions of such systems with 
each other are non-linear. Typical nonlinear enzymatic processes 
are reactions inhibited by an excess of substrate or coenzyme. 
The reaction 


E 
X+Y’ —> X'++Y 


catalyzed by the enzyme E is inhibited by the active form of the coen- 
zyme Y’. The scheme of the reaction is shown in Fig. 16.8. Under 
certain conditions the system is characterized by unstable steady 
states and may become auto-oscillatory (Selkov). 

Periodic, auto-oscillatory phenomena are characteristic of the pro- 
cess of glycolysis—the anaerobic conversion of six-membered sugars 
to tricarboxylic acids leading to the synthesis of ATP (see Sec. 2.10). 
The simplified scheme of the process is presented in Fig. 16.9. In 
their experiments Chance and Hess and coworkers (1964) first ob- 
served damped concentration oscillations in glycolysis and then dis- 
covered undamped auto-oscillations. Figure 16.10 shows oscillations 
in the concentration of one of the products of glycolysis, NADH,, 
which are almost sinusoidal in shape. As has been shown by Selkov, 
the kinetics of the process is determined on the whole by several 
“narrow sites” marked in Fig. 16.9 by the numbers 7-4. Let v, be the 
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Fig. 16.9. A simplified scheme of the glycolysis: 


Cg and C; are six- and three-carbon compounds; 1!-4—reactions which determine the kinetics 
of the process as a whole. 


rate of reaction 7 catalyzed by the enzyme hexokinase (HK). The 
reaction C; += C% is fast and reversible, and therefore the concentra- 
tions of these hexoses may be assumed to be proportional to each 
other. The concentration X of any of the substances, C; and Cj, in- 
creases at a rate v, and decreases due to reaction 2 catalyzed by phos- 
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phofructokinase (PFK). This is followed (up to reaction 3) by sever- 
al fast reversible reactions and, hence, the concentrations of the 
intermediate compounds are proportional to each other. Let us de- 
note one of these concentrations by Y. Phosphofructokinase is acti- 
vated by the products of its reaction, i.e.{ by compound Y. There- 
fore, the increase of Y due to reaction 2 depends both on X and on Y. 


INADH] 


0 0.5 1.0 1S 2.0 2.5 t. hours 


Fig. 16.10. The oscillations of the concentration of NADH in a yeast extract. 


Fig. 16.11. The phase pattern of os- 
cillations during glycolysis. 


The rate of increase of Y is equal to the rate of decrease of X. In reac- 
tion 3 catalyzed by pyruvate kinase (PK) the concentration Y is 
reduced. We obtain the following kinetic equations: 


° Xx Y 
A= Yo tk FY 


< (16.6) 


: x Y . 
Yo Mae Ree RY 


In the work of Selkov (1968), instead of Y/(Ky+Y) there appears 
the term Y?/(Ky + Y)?, i.e., a higher order of activation of phospho- 
fructokinase is introduced, this being substantiated by biochemi- 
cal data. However, even the simple scheme (16.6) has a nonlinear 
character of interest to us. Moreover, the auto-oscillatory regime al- 
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so appears with further simplification if we assume that Kx >> X 
and Ky >> Y. We obtain the system 


X=v—KkXY 
Y=KXY—k=— 


¥ (16.7) 


20--Y/K 


which is similar to the Lotka system (see page 515). Here kj = 
=k,Kx Ky and k, = k,/K; vy is proportional to the content of hexo- 
kinase, k} to the content “of phosphofructokinase, and k, to the content 
of pyruv rate kinase. 

The steady-state concentrations of X and Y are equal to 


kj —v)/K 


ee 


Mo 
You kg—v9/K 


We introduce the dimensionless variables 


sn TE git NY ia ppc Ris, 
anny os Pe t=kY t= kee — vel K t 
Equations (16.7) take the form 
dx ay 1+r 
ai, Gea (zat) (2) 
where 
_ (kg —9/K)? _ Yo ___%0o/K 
Ik! aK 


The phase pattern of the system in the z, y-plane and the principal 
isoclines (see page 506) are shown in Fig. 16.11. The isocline of the 
vertical tangent lines (J) is the hyperbola y = 1/z and that of the 
horizontal tangent lines (IJ) is the hyperbola x = (1 + r)/(1 + ry) 
and the straight line y = 0. Linearizing Eq. (16.8), we determine 
the character of the singular points. The roots of the characteristic 
equation are given by 


Me=—z(1— 


4q iia 
2 


wer Ee 2 al (1— rate <i>) -it 


At 4q/(14 + r) > (4 — gr/(1+r))? the point 0 is a focus. If gr/(1 + 
+r) <0, the focus is stable; if gr/(1 + r) > 0, the focus is unstable 
and there appears a limit cycle. At gr/(1 + r) = 1 bifurcation occurs. 
Near this point (if | gr/(1 + r) —1 |< 1) the frequency of oscilla- 
tions is equal to the imaginary part of the root of the characteristic 


equation, i.e., 
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Thus, the system (16.7) proves to be auto-oscillatory under cer- 
tain conditions. The increase of the parameter q contributes to the 
amplification of auto-oscillations, and the decrease of q to their damp- 
ing. From the expression for q it follows that the decrease of k; 
and of the rate of influx vy must cause the self-excitation of oscilla- 
tions. The same result is obtained when k, increases, i.e., by the addi- 
tion of pyruvate kinase. This is in agreement with experiment. 


16.4. Auto-Oscillations in Photosynthesis 

Photosynthesis (see Chapter 14) undergoes periodic oscillations 
in intensity. Presumably, the periodicity determined by the endoge- 
nous rhythm is characteristic of the Calvin dark cycle (page 476), 
since the reactions of the light cycle proceed very rapidly, for frac- 
tions of a second. The rhythm associated with the dark cycle is char- 
acterized by a period which is substantially shorter than 24 hours 
but is synchronized with the periodicity of illumination. 

The directly observable rhythm of photosynthesis must evidently 
be determined by periodic biochemical processes of the dark cycle. 
The theoretical model of oscillations in the dark reactions of photo- 
synthesis has been constructed by Chernavsky and his coworkers 
(1958). 

The Calvin cycle involves three-, five-, and six-carbon compounds, 
C,, C;, and Cg. The consideration of all the kinetic equations for the 
cycle is too complicated. It is reasonable to simplify the system as 
much as possible with the system retaining its principal qualitative 
features. The kinetics of the process is limited by the slow steps, 
and the fast reversible steps may be treated as equilibrium steps. 
Therefore, one should confine oneself to the consideration of the rate- 
limiting steps. 

We shall consider only two kinetic equations, in which the vari- 
ables are the concentrations C, and C,. The remaining variables are 
expressed in terms of C, and C, algebraically. Since the Calvin cycle 
mainly involves bimolecular reactions, the kinetics is expressed by 
second-order equations: 


Cy = 402 + aC yCy + agC? 
Co=BiC3+BrCsCot BoC? 


with a, = 0, since the concentrations of the trioses is not changed as 
a result of the interaction between the two hexoses. The increase of 
C, may occur due only to the combination of two molecules of C3. 
Hence, B, > 0 and B., B; <0. An increase in the content of trioses 
occurs in a more complex process involving both the trioses them- 
selves and the hexoses C,. We may put a, >0 and a, <0. We obtain 


(16.10) 
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the equations 


C3 = aC} = A203C 5 
Ce =BiCi— BoCsCe— BC? 
where all a; and f; > 0. 


We find the isoclines and steady states corresponding to Cs = 


= C, = 0. The two isoclines are straight lines passing through the 
coordinate origin, their equations being C, = a,C, and Cy, = a,C3, 
where a, and a, satisfy the conditions a, — aja, = Oand Bp, — B,a,— 
— Bsa; = 0. There is only one steady state, C§ = C} = 0 at a, # 
=£ a, or an infinite set of such states at a, = a,. In the first case no 
photosynthesis occurs, and the second corresponds to indifferently 
unstable states. No limit cycles and auto-oscillations take place. 
Hence, the system (16.11) is insufficient and the model requires com- 
pletion. We introduce into the first equation an additional constant 
term, &) > 0, which describes the influx of C, that arises in other 
processes different from the Calvin cycle (glycolysis, respiration). 
Such an influx serves as the initiator of the cycle. The necessity of the 
triggering mechanism is characteristic of autocatalysis. So, 


(46.44) 


C3 = ac; —_— A.C03C 6 + ery 
Co =BxC2 — B2C3Co— Bs? 


We now pass to the variables X=C,/C3 and Y = C,/C}, where 
C3 and C8 are the steady-state values of C, and C, obtained from the 


conditions Cs = Ce = 0. We have 


(16.12) 


X=a/X?-—a,XY+a, 
Y =BiX2—BiXY — pty? 


where a, = @,C3, a, = a,C§, a = a/C3, By = By (C3)7/C3, By = 
= £.C3, B; = By Cf. In the steady state X = Y = 1. Hence, 


‘ t , 
a,—a,+a,—0 


B,—B,—Pi=0 


In the steady-state regime the coefficient B; is the quantity of hexose 
formed per unit time from the triose; B, is the amount of hexose re- 
moved from the Calvin cycle and forming starch; B; is the amount of 
hexose returning to the cycle. For one hexose molecule to be re- 
moved, six revolutions of the cycle are required, since only one mo- 
lecule of CO, can be used in the cycle. Therefore, 6; = B;/6. Thus, 


(16.13) 


(16.14) 


16.4. Auto-oscillations in Photosynthesis 553 


B; = 68/7, B,}= B,/7. On the other hand, a, < a, a. Introducing 
the dimensionless time t = ait, we have 


dX _ vo a ao 
ee ies ai XY + a 


ay Bi (yet yz_$ yy) 


dt ay 


(16.15) 


We linearize the system by putting 
X=t1+e2, Y=t+y ny<il 


Eliminating a, with the aid of the first relation in (16.14), we ob- 
tain from Eqs. (46.45) 


d 

=v) 2— (ty) y 

‘ (16.16) 

tt $6 (zy) 
7 

where y = a,/a; and ¢ = f£{/a;. We look for the solution of the form. 

t= ee", y= ne" 
We find the roots of the characteristic equation: 


hy a= (1—y—8/Te) & [1/4 (1 —y —8/7e)?—16/Tey]/? (16.17) 


The steady state x = y = 0 is stable if the real part of 4 is nega- 
tive, i.e., if 


1—y—8/7e<0 
and unstable in the opposite case. The transition to the unstable re- 
gime occurs at & = + (1 — y) ~ 0.87 (since y < 1). When a, in- 
creases, such a transition proves possible. 

The imaginary part of (16.17) determines oscillations. Their di- 
mensionless period is equal to 7 = 2n/ImA, where the imaginary 
part of Ais ImA = + (o ey— (ReA)?]1/2. Upon transition to the un- 
stable regime, when Re A = 0, we have 
2n 


Te, 
7 ev 


T= 


The behaviour of the system is studied by means of the ordinary 


method of phase mapping. To specify we set y ~ y and € +. 
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Then, the instability condition is satisfied, since ore The 
integral curves are described by the equation 
2 a a YB 
Mi Oe ee 
20 “Y" 30 


Figure 16.12 shows the phase pattern of the system (16.16) at the 
indicated values of y and e. The system is auto-oscillatory;C, and 


Fig. 16.12. The phase pattern for 

the photosynthesis model: 

I and II—lines of parallel and perpen- 
C dicular isoclines; JIII—limit cycle. 

0 1 2 3 3 @ (x = y = 1)—Stable focus. 


C, change periodically with the same phase. A numerical or graphical 
determination of the period of oscillations of C, and C, indicates that 
this period is about two orders of magnitude greater than the charac- 
teristic time 1/a,. This time is estimated as 5-10 min, and the peri- 
od T is of the order of several hours. The oscillations are anharmonic: 
the system resides most of time in the region of small concentrations 
of C, and C,. 

Computer calculations show that the system is synchronized by an 
external periodic influence (by light). 


16.5. Nonlinear Dynamics of Membranes 

As we have seen, the nonlinear properties of excitable membranes 
are distinctly manifested in the generation and propagation of a 
nervous impulse (Chapter 11). Let us consider periodic changes in the 
state of membranes established in a number of experiments. For 
instance, there were observed oscillations of electrical potential 
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in very thin polyelectrolyte bilayer membranes. The bilayer consist- 
ed of a polyacid (a) and a polybase (b). Thus, it had three zones—a 
negatively charged zone a, a neutral zone, and a positively charged 
zone b (Fig. 16.13). The membrane was placed in a 0.15M solution of 
NaCl. When a negative potential was applied, periodic impulses 
(spikes) were observed on the side of the polybase and at a certain 
critical value of current there 
were observed undamped oscil- 
lations, which persisted for 
hours. The current through the 
membrane consists of the move- 
ment of cations through the 
zone a and of anions through the 
zone b. As a result, NaCl is 
accumulated in the central neu- 
tral zone. The increase of the 
osmotic pressure leads to the 
appearance of a flux of solvent into 
the membrane and to an increase 
in the hydrostatic pressure in 
it. At the same time, the increase 
of the salt concentration causes 
the polyelectrolyte molecules - 
to compress, which also in- san cuiral 5 

creases the pressure. When this 

increase exceeds the osmotic Fig. 16.13. A diagram for a three- 
pressure, the solvent flux changes layer polyelectrolyte membrane. 

its sign, and the salt concentra- 

tion inside the membrane in- 

creases even more. A concentration gradient arises, the salt leaves 
the membrane and flows out after the membrane attains a maximum 
contraction. This is followed by relaxation, the membrane returns 
to the initial state, and the process starts again. 

The Teorell membrane oscillator (1955) consists of two cells filled 
with an electrolyte of different concentrations and separated by a po- 
rous-glass membrane containing bound negative charges. When a 
direct current is passed, a potential difference is created on the two 
sides of the membrane and a shift in the liquid levels occurs in the 
cells. At high constant currents periodic oscillations in the liquid 
levels and in the membrane potential occur in the system. Because of 
the presence of negative charges in the membrane the electrolyte in 
its pores carries mainly cations. The external field causes the move- 
ment of the cations and the solvent. The concentration distribution 
in the membrane pores depends on the amount of the flowing liquid 
and its flow rate. In turn these factors govern the resistance of the 
membrane. The forces that act on the system depend on the state of 
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the system. There arise auto-oscillations, the theory of which has 
been developed by Teorell (1964), Markin (1971), and others. 

In biological membranes containing enzymes, which have coopera- 
tive properties, the periodic changes in the state of the membrane 
may be determined by the nonlinear coupling between transport of 
matter and chemical reactions. We shall consider a simple example. 
Suppose that the enzyme catalyzes the irreversible degradation of 
substrate S. The chemical flux (see page 321) is given by 


Peg —Senem® _ RES (16.19) 


where S is the substrate concentration; E that of the enzyme; k is the 
rate constant. Suppose that there is a critical substrate concentration 


Fig. 16.14. Oscillations of 
the concentration in a coup- 
S, S,§,, S led chemiosmotic system. 


Scr at which the enzyme undergoes cooperative conformational 
changes that lead to an increase in its activity. The rate constant k 
increases from k, to ky. The dependence Jchem (S) is presented in 
Fig. 16.14. Because of the cooperativity Jchem undergoes a transition 
similar to a phase transition (cf. page 527). The substrate enters the 
system by way of diffusion through the membrane at the rate 


daigS 
Jain = us =a (S,—S) (16.20) 


where S, is the concentration S in the source which is practically 
constant. At Jehem = = Jair the rate of change of the concentration 


Ses Scindai + Sa = O—the system is in a steady state. Fig- 
ure 16.14 shows the difference between two steady states correspond- 
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ing to Sj=S/} and So=S),. The steady state corresponding to the point 
of intersection A of the curve for Jcnem with the straight line for Jit 
is stable, since with a slight positive change of the substrate concen- 
tration Jchem >> Jaire and the substrate concéntration drops until the 
system returns to point A. With a negative fluctuation in S the flux 
Jaitt > Jchem and S will increase until the system again returns to 
point A. On the contrary, if the point of intersection B with Jcnem 
and Jie lies in the region of thecurve for Jchem with a negative slope, 
the steady state B is unstable. To the positive fluctuation of S there 
corresponds J@its >> Jchem and S increases up to the point C. At 
this point the enzyme undergoes a conformational change, the sys- 
tem passes to point D, at which Jcnem > Jédirr. The substrate con- 
centration S falls down to point E at which the enzyme undergoes a 
reverse transition to the initial form, and the system moves to point F. 
Here S increases again, since J (itr > Jcnem and the system again 
reaches the point C. Thus, the system evolves to the hysteresis loop 
CDEF to which there corresponds the limit cycle on the phase pat- 
tern. Numerous examples could be cited for such behaviour of systems 
in which chemical reactions are combined with diffusion. 

Of special interest in biology are excitable membranes. We have 
seen that the mathematical model of the nerve tissue is expressed, 
in particular, by the Hodgkin-Huzley equations (page 391). These 
nonlinear equations are of the fourth order. For the purposes of a 
qualitative study, we can, however, reduce the order of nonlinearity 
from four to two by eliminating differential equations for fast com- 
ponents (see page 514). One of the possible simplified second-order 
models has been constructed and studied by Krinsky, Ivanitsky and 
their coworkers. 

In the Hodgkin-Huxley equations the slow variables are n and h 
(tm~ 10-*s, tT2~ tT, ~ 2 X 10-3 8). We introduce the functions 
m (g), n(q@), and hk (q), which express the steady-state values of 


the corresponding variables. As experiment shows, n (q) and h (q) 
are connected by the approximate relation 


n(q) +h (9) © q = const (= 0.85) (16.21) 


The Hodgkin-Huxley equations can be simplified by replacing m 


by m (g) and h by qg—n. Then, the basic equations (41.5) through 
(11.9) 


0 - = oa 
I= ct + (@— Gx) exn*+ (P— Gna) Fnanth + (~ — Gy) By 


m = [m () — m]/Tm () 
n= [n (9) —nl/t, (@) (16.22) 
h=[h (9) —Al/t (®) 
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T=ac a +(— Ox) BR! + (P — Ona) Ena (9) (Q—n)+ 
+(e—@y)gy (16.23) 


n=[n()—2]/t, (9) 


The parameter a is found to be equal to 3. Equations (16.23) give 
results which differ little from those obtained through the use of the 
initial model. 

A qualitative study of the model with the aid of the phase pattern 


is carried out by plotting the isoclines n= Oand Q = 0, i-e., 
n=n(q) (46.24) 
and 
8xR* (@— Ox) + Ena (Q—”) m3 (@) (P— Ona) + 
+8y(p—Gy)—I=0 (16.25) 


The latter isocline has an N-shape in the n, g-plane, which provides 
the generation of the impulse. The singular point at the intersec- 


0 100 0 100 0 icOmV 
(a) (b) (c) 


Fig. 16.15. The zero isoclines of the system: 
(a) rest; (b) spontaneous activity; (c) stable depolarization 


tion of the isoclines is stable (Fig. 16.15a), which corresponds to the 
resting state of the membrane. The spontaneous activity can be in- 
duced by an increase in the conductance gx or by a decrease in gna. 
It appears when the point of rest loses stability, this being followed 
by the emergence of a limit cycle and auto-oscillations (Fig. 16.15b). 


The singular points that lie on the middle branch of the g = 0 iso- 
cline are unstable. Accordingly, the further increase of the Na-cur- 
rent (for example, due to the shift of m(q@) by 20 mV to the left) leads 
to the disappearance of the stable depolarization of the membrane 
(Fig. 16.15c). Repeated periodic responses arise at such a value of 
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the external current J in (16.25) at which the singular point is in the 


middle region of ¢ = 0. With the aid of a qualitative analysis of 
the phase pattern one can find conditions,for the triggered behav- 
iour of the membrane. Under certain experimental conditions, say, 
on intracellular perfusion of CsF, the squid axon behaves as a trigger 
with two stable states—the stimulation by a current directed alter- 
natively outwards and inwards leads to the flip from one stable state 
to another. 

What has been discussed above shows that there is ground for treat- 
ing changes in the state of an excitable membrane as phase transi- 
tions (see Sec. 15.5). 


16.6. Autowave Processes in the Cardiac Muscle 

As we have seen (Chapter 12), the muscle tissue is an excitable me- 
dium—the excitation imposed by a network of nerve fibres induces 
mechanochemical processes. The processes taking place in excitable 
media are therefore of greatest importance for physiology, in par- 
ticular for the physiology of the cardiac muscle. 

The concept of the excitable medium as a medium in which the 
propagation of the nerve impulse occurs without damping at the ex- 
pense of the energy stored in cells was introduced by Wiener and Ro- 
senblueth (1946). An impulse is generated by each point of the medi- 
um. An example of a one-dimensional excitable medium is a nerve 
fibre. Each point of the excitable medium may be in one of the three 
states: rest, excitation, and refractory state (see page 381). If a stimu- 
lus is applied to a small portion of the fibre in the resting state, it. 
will become excited, the excited state persisting during the time t, 
and then pass over to a refractory state of duration Tp. In the refrac- 
tory period tp the fibre section no longer responds to the exciting 
signal and, hence, none of the fibre portions can be excited with a 
frequency higher than TR. 

In excitable media there are realized auto-oscillatory processes 
described in Sec. 16.2. Wave sources may also arise in such media in 
which none of the elements is capable of being excited spontaneously, 
i.e., is not auto-oscillatory. The formation of such sources is associ- 
ated with the special properties of the medium and the excitation 
wave. 

In considering the Belousov-Zhabotinsky reactions we encountered 
two types of wave source—leading centres (echo) which generate 
concentric waves and reverberators, rotating spiral waves (see Figs. 
16.4 and 16.6). The formation and subsequent multiplication of rever- 
berators play a very important role in the mechanism of fibrillation— 
a very dangerous cardiac arrhythmia (Krinsky and Ivanitsky). Ar- 
rhythmia is a disturbance of the synchronization of wave pro- 
pagation in the cardiac muscle—instead of synchronous contractions 
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there arises irregular disordered fluttering and the organism is ra- 
pidly destroyed if no defibrillation is made. 

Spiral waves in a homogeneous two-dimensional system appear in 
the presence of an opening, whose perimeter exceeds the wavelength 
4 = UTR (v is the velocity of wave propagation). The circulation of 
the excitation wave (a reverberator) is also possible in a continuous 
medium with nonuniform refractory periods. If an impulse is sent 
to a certain ring-shaped region of the medium, it will not circulate, 
since the excitation waves propagating in a clockwise and a counter- 
clockwise direction will meet and cancel each other. But if the 
refractory period is not the same everywhere, a circulation will arise 
due to the transformation of the rhythm. 

Figure 16.16 shows an inhomogeneous medium consisting of two 
regions with different refractory periods, ty, and Try. The interval 
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Fig. 16.16. Transformation of the rhythm in a two-dimensional inhomogencous 
medium: 
{A) distribution of refractory period (tRy>T x2); (B) break in the wavefront az. 


At between two successive waves a, and a, is such that the wave a, 
cannot excite the region with tp. > Tp. In such a case the wavefront 
a, is disrupted. The refractory “tail” has a larger length in region 
2 than in region 7. The transformation of the rhythm consists in the 
cancellation of the second impulse. 

A spiral wave arises from the contact of the wavefront with the tis- 
sue in the resting state. Such a situation is created, for example, by 
a counter wave b (Fig. 16.17a). The waves a, and b cancel each other 
out and the wave a, travels to the right half-plane in the form of a 
semi-circle (Fig. 16.175) and then, bypassing its “refractory tail”, 
runs to the left. half-plane. The path is closed and there is formed a 
reverberator (Fig. 16.17c). 

In a homogeneous medium, the period of waves originated from a 
reverberator is equal to tp, and the reverberator exists for an inde- 
finitely long period of time. If it arises at the boundary between the 
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two regions with different t,, its lifetime is finite and the shorter, 
the greater is the inhomogeneity. 

Reverberators may also serve as sources of high-frequency waves 
which cause the appearance of new reverberators. In other words, the 
multiplication of reverberators is possible. fn an inhomogeneous me- 
dium, reverberators send waves of different frequencies and do not 
synchronize. If new wave sources appear more frequently than the 
old ones disappear, the phenomenon observed is complicated and 
similar to fibrillation. 

The other wave source is leading centres or an echo. If several impul- 
ses are transmitted to a fibre that is inhomogeneous with respect to 
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Fig. 16.17. The generation of a reverberator in an inhomogeneous medium: 
(a), (b), (c) successive steps; (d) reverberator. 


refractory period, new impulses appear on the inhomogeneities which 
are running along the fibre and it is only some time later the resting 
state sets in. The impulses that arise are similar to those reflected 
from an inhomogeneity, which is regarded as a source of echo. It 
has been shown that an echo may appear in media for which t/tp > 
> 0.5. The reverberator is a source of impulses capable of existence 
in a medium at t/tp > 0.5 as well. The paths along which excita- 
tion passes from a region of lower tz to a region of higher tp and back 
are spatially separated but come closer together with increasing 
t/tp and at t/tp = 0.5 they converge. An echo is therefore a rever- 
herator with a limiting, zero length. The echo and the reverberator 
are Similar to each other as sources of impulses and may be responsi- 
ble for fibrillation in inhomogeneous excitable media. 
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In electrophysiology, the state of the cardiac tissue is character- 
ized by a so-called vulnerable zone. Vulnerability means the appear- 
ance of more than two responses when two impulses are conducted toa 
strip of myocardium. The width of the zone is the range of intervals 
between the impulses, Az, at which vulnerability arises. Krinsky 
has shown that vulnerability is determined by the parameter t’ = 
= t/tp; the zone width is the smaller, the lower is 1’. 

In an inhomogeneous excitable medium, the wave source formed, 
whether an echo or a reverberator, may serve as astimulus for starting 
new wave sources. If the parameters of the medium are such that the 
rate of “multiplication” of sources is not lower than the rate of their 
“death”, fibrillation is very likely to occur. Upon interaction of sev- 
eral sources the duration of fibrillation increases rapidly with increas- 
ing t’. The minimum number of sources capable of inducing fibril- 
lation of’ a given duration is reduced with increasing t’. Experiment 
shows that fibrillation on a strip of the myocardium tissue may be 
prolonged if the strip size is sufficiently large, i.e., if there is a cer- 
tain critical mass for fibrillation. The number of sources that provides 
fibrillation is the analogue of the critical mass. 

Thus, the dimensionless parameter t’ is an important character- 
istic of an excitable medium which determines the fibrillation regime 
and its duration. 

As far as the cardiac muscle is concerned, it is necessary to find the 
analogue of the quantity t expressing the duration of the excited 
state which can be measured by electrophysiological methods. The 
quantity.introduced is the time of appearance of a response to the im- 
pulse applied, i.e., the latent period 8. It is known that the lower the 
amplitude of the impulse, the more delayed is the response. The quan- 
tity 8 depends on time ¢ that has elapsed after the last excitation of 
the cell by the time of arrival of the stimulus. There is a maximum 
delay 9max, i.e., aresponse does not appear at the subthreshold ampli- 
tude of the impulse A < Amjn and att < tmin. Thus, the function 
6 (t) describes the propagation of excitation. A theoretical analysis 
shows that to each value of 6 there correspond two velocities of prop- 
agation of excitation. The higher velocity characterizes the stable 
process of “burning”, whereas the lower velocity characterizes the un- 
stable process (“smouldering”). which is not observed on periodic con- 
duction of the impulse under the steady-state regime. As the frequency 
of travel propagation of impulses increases the lower velocity in- 
creases and the higher velocity decreases. As the frequency increases 
further the two velocities coincide, the regime becomes nonstatio- 
nary, the periodicity is disturbed and the impulses are cancelled out. 

The formation of reverberators is facilitated when the parameter 
Omax/tTy increases. If this parameter is greater than 0.5, echo 
sources may be originated. 

Thus, the vulnerability of the cardiac muscle is determined 
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by the quantity 6/t,. The antiarrhythmic substances used in 
medicine (called defibrillators) affect this parameter. An impor- 
tant practical result of theoretical investigations is that there has 
been found physical criteria for antiarrhythmogenic action that 
can be examined on tissue models by determining their effect 
on 09/tp. The factors influencing fibrillation are studied on 
the same basis. Indeed, it has proved possible to demonstrate experi- 
mentally that substances that lower 8/tp exert an antiarrhythmic 
effect and substances that increase 8/tp contribute to the appear- 
ance of cardiac arrhythmia, just as in models of excitable media a de- 
crease in 6/t, hinders the formation of wave sources—an echo and 
a reverberator. 

A detailed quantitative treatment of these phenomena has been 
carried out with the aid of a model of excitation propagation through 
a system of electrically connected cells. Analysis of the behaviour 
of the model is based on the method of phase patterns. 

The theory of fibrillation of the cardiac muscle based on the gen- 
eral propositions of the physics of nonlinear oscillatory systems is 
an excellent example of a biophysical investigation culminating in 
important practical applications. The tasks of pathophysiology are 
distinctly formulated here as physical problems. We see that the phys- 
ical approach to physiological problems provides rigour and gen- 
erality of analysis and a sound substantiation of the inferences made. 


Chapter 17 Problems of Biological Evolution 
and Development 


17.1. The Origin of Life 

We now turn our attention to the most general problem of biology 
and biophysics—the problems of development. As pointed out ear- 
lier, the basic specific features of living organisms are determined by 
their historical character—each organism develops ontogenetically 
and carries the memory of the phylogenetic, evolutionary develop- 
ment. Both ontogenesis and phylogenesis proceed in the direction 
of increasing complexity (see, however, Sec. 17.10) and are processes 
involving the generation and storage of new information and also, as 
we shall see later on, the increase of the information value (Sec. 
17.9). Prebiotic evolution, which led to the formation of biological 
molecules, and biological evolution must be looked upon as part of 
the evolution of the Universe. 

The first, fundamental problem which we encounter in connection 
with the problem of development is the problem of the origin of life. 
More than a hundred years ago (1863) Darwin wrote to Hooker: 
“It will be some time before we see ‘slime, protoplasm, etc.’, generat- 
ing a new animal. But I have long regretted that I truckled to pub- 
lic opinion, and used the Pentateuchal term of creation, by which I 
really meant ‘appeared’ by some wholly unknown process. It is 
mere rubbish, thinking at present of the origin of life; one might as 
well think of the origin of matter.” 

Later (4871) Darwin did not consider it to be “mere rubbish” to 
speak of the origin of life and gave a clear-cut answer to the possi- 
bility of the origin of life in our time: 

“It is often said that the conditions for the first production of a liv- 
ing organism are now present, which could ever have been present. 
But if (and oh! what a big if!) we could conceive in some warm little 
pond, with all sorts of ammonia and phosphoric salts, light, heat, 
electricity, etc., present, that a proteine compound was chemically 
formed ready to undergo still more complex changes, at the present 
day such matter would be instantly devoured or absorbed, which 
would not have been the case before living creatures were formed.” 
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The modern conceptions of the origin of life are intimately con- 
nected with the results obtained by the study of geological evolution. 
Oparin (1924) was the first to enunciate the theory of abiogenic ori- 
gin of life. He presumed that the origin of life had been preceded by 
chemical evolution. Later, similar views were advanced by Hal- 
dane (1928). Today these ideas are widely accepted. 

The primitive atmosphere of the Earth was a reducing atmosphere. 
Hydrogen is the main constituent of the Sun. The composition of the 
Sun is as follows: hydrogen 87%, helium 12.9%, oxygen 0.025%, 
nitrogen 0.02%, and carbon 0.01%. For comparison, let us cite the 
composition of the atmosphere of Jupiter: hydrogen 60%, helium 36%, 
methane about 1%, and ammonia about 0.05%. The ancient meteo- 
rites contain metals in the reduced form. As estimated by Miller and 
Urey, the partial pressure of H, in the primeval atmosphere of the 
Earth was 1.5 x 10-° atm, the pressure of methane, CH,, formed as 
a result of the reduction of carbon was 4 < 10-* atm. The other com- 
ponents of the atmosphere were ammonia and water. These substances 
and also formaldehyde, H,CO, are detected in the cosmic space. 

The present-day atmosphere of the Earth contains a large amount 
of oxygen. No other planet of the Solar system contains such an 
amount of oxygen. Oxygen could have evolved as a result of the 
photodissociation of water under the influence of ultraviolet radiation 
of the Sun and as a result of photosynthesis. Biitner (1961) has shown 
that photodissociation must have given rise to appreciable amounts 
of oxygen. However, the primeval atmospheric oxygen was consumed 
for the oxidation of metals. It iscommonly maintained that atmospher- 
ic oxygen is mainly of the biogenic, photosynthetic origin. The 
exact balance, however, has not yet been calculated. 

Thus, photosynthesizing organisms referred to as autotrophs must 
have originated on the Earth during the period when its atmosphere 
was reducing. Moreover, if cells had not reached a highly organized 
and protected state, the atmospheric oxygen would not have made 
possible the development of life; it would have oxidized chemical 
compounds capable of giving rise to biologically functional molecules. 
The existence in our time of anaerobic bacteria and anaerobic gly- 
colysis is evidence that life originated in the reducing atmo- 
sphere. Thus, the very existence of life itself points to the biogenic 
origin of the present-day oxidative atmosphere of the Earth. Geology 
and biology are inextricably connected. 

Organic compounds must have been formed under reducing condi- 
lions in the presence of energy sources. Such sources were the ultra- 
violet radiation of the Sun, the radioactive radiation of the Earth 
(primarily, the B-decay of *°K), and also electrical discharges in the 
atmosphere and the heat of volcanoes. The estimates of the amount 
iv enerey piperied to the Earth by all these sources are presented in 
Table 17.1. 
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Table 17.1. The Possible Sources of Energy for the Primary Chemical 
Evolution (in kJ per year per m?) 


Total solar radiation 10,900,000 
Ultraviolet radiation, 300-250 nm 119, 
Ditto, 250-200 nm 22,000 
Ditto, 200-150 nm 4,650 
Ditto, < 150 nm 71 
Electrical discharges 

corona 126 

lightning 42 
Natural radioactivity down to a depth of 1 km, 4x 10® years ago 417 
Shock waves and pressure waves in the atmosphere 46 
Solar wind 8 
Volcanic heat 6 
Cosmic rays 0.06 


The possibility of monomeric organic compounds being synthe- 
sized under the conditions that simulate the conditions on the Earth 
with a reducing atmosphere has been proved by diverse experiments. 
Miller (4955) passed silent electrical discharges through mixtures 
of methane, ammonia, hydrogen, and water vapour. This gave riso 
to a mixture of a number of racemic amino acids and carboxylic 
acids, aldehydes and hydrogen cyanide, HCN. Terenin (1958) pro- 
duced organic compounds by irradiating a mixture of CH,, NH3, H,, 
H,O with short-wavelength ultraviolet light. Amino acids are also 
formed in thermal synthesis, when such a mixture is passed through 
a hot tube at a temperature of the order of 1000°C. Amino acids are 
produced by bombarding a mixture of CH,, NH;, and H,0O in the sol- 
id state by electrons having an energy of 5 MeV. Under these condi- 
tions there is also formed adenine. Adenine and guanine are produced 
from HCN upon ultraviolet irradiation. Formaldehyde gives sugars, 
including ribose and deoxyribose. Nucleoside triphosphates are syn- 
thesized when a dilute solution of adenine, ribose, and phosphoric 
acid is exposed to ultraviolet radiation. It has been proved on the 
whole that the monomers of informational macromolecules of pro- 
teins and nucleic acids could have been synthesized in the primeval 
reducing atmosphere of the Earth. The source of purines and pyrimi- 
dines and also of porphyrins is HCN (cf. page 40). Amino acids and 
other organic compounds have been detected in ancient rocks and 
sediments and even in meteorites. No such substances are present on 
the Moon. 

Mukhin presumed that the energy source required for the synthe- 
sis of monomeric organic compounds are underwater volcanoes. Ac- 
cording to Table 17.1, volcanoes give only a small fraction of ener- 
gy used for the synthesis of primary organics if it is calculated for 
the entire surface of the Earth. But if it is assumed that the synthe- 
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sis of an organic compound is determined by local events, the role of 
volcanism may proverather significant. It should be kept in mind that 
the number of underwater volcanoes is much greater than that of 
land volcanoes. Mukhin has established thé presence of HCN and or- 
ganics in the matter ejected from volcanoes and demonstrated the 
formation ef these compounds in model experiments (1974). 

There is every ground for believing that the first stage of prebiotic 
evolution was the synthesis of monomeric organic compounds under 
far-from-equilibrium conditions. The next stage must have involved 
the polymerization and polycondensation of monomers, the formation 
of polypeptide and polynucleotide chains. A number of problems 
arise here. 

First, a chemical system capable of evolution, i.e., of orderly de- 
velopment, must be autocatalytic and possess the ability to self- 
reproduce. Second, not any macromolecules can be the precursors of 
living systems, but only those which exhibit the required informa- 
tional properties. Even at this stage of prebiotic evolution there must 
have existed selection mechanisms. As we shall see, Darwinian evo- 
lution must have been realized even at the prebiotic stage of develop- 
ment. The general problem is creation of information, the emergen- 
ce of order from chaos. 

In his works Fox (1966-1968) has experimentally studied self-or- 
ganization in polypeptide chains formed by the thermal polyconden- 
sation of equimolar mixtures of 18 common amino acids (except 
Asp and Glu). This gives rise to chains of nonuniform composition, 
synthetic polypeptides, which were called proteinoids by Fox. These 
compounds display catalytic activity similar to enzyme activity; 
they have been used to carry out the reactions of hydrolysis, decarbox- 
ylation, amination, and deamination. No polymerase activity has, 
however, been detected in proteinoids. 

Proteinoids are capable of forming microspheres if a suitable medi- 
um is chosen. There arises a compartmentation of the proteinoid sys- 
tem separated from the solution by a membrane-like shell. Fox main- 
tains that such microspheres are the prebiological models of the 
cell. Oparin had earlier presumed that the compartmentation of pri- 
mary polymers consisted of the formation of coacervates. The emergence 
of coacervate droplets is a phenomenon known in colloid chemistry; 
it means the separation of the solution from the solute. In this sense 
the Fox microspheres are similar to the Oparin coacervates. Anyway, 
one of the early stages of prebiotic evolution must have involved 
the appearance of compartmentation. 

After the stages of formation of monomers and polymers, after com- 
partmentation or simultaneously with it, there occurred, as one 
might think, a catalytic interaction between polynucleotide and 
polypeptide systems. The switch to biological evolution.is probably 
associated with the origin of a genetic code. 
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The experimental abiogenic development of a living system is 
impossible so far. The dream of alchemists—the creation of the ho- 
munculus, a synthetic human being in the flask—is still far from 
being realized. But today science is capable of constructing informa- 
tive physical models of prebiotic and biological evolution. 


17.2. Modelling of Prebiotic Evolution 

We shall here expound the theory of self-organization of macromol- 
ecules proposed by Eigen (4971). 

Self-organization and selection are possible if the abiogenic mo- 
lecular system is characterized by metabolism, self-reproduction, 
and mutability. These are the three prerequisites. Metabolism 
implies that the system is an open system in which polymerization 
and degradation of polymers take place. Since the system is far 
from equilibrium, these two processes are not interconnected by the 
condition of microscopic reversibility. To maintain metabolism, 
there is required a supply of a substance having an excess free ener- 
gy—in the case of nucleic acids such substances are nucleoside tri- 
phosphates. Self-reproduction—the template replication of a poly- 
mer—implies an autocatalytic process. As has been shown in Chap- 
ters 15 and 16, autocatalysis can ensure self-organization. Finally, 
mutagenesis is necessary for creating new information. 

Such a system may be called a Darwinian system if certain re- 
stricting conditions are imposed on it, say, the condition of constant 
organization, i.e., a constant overall concentration of energized mo- 
nomers and a constant overall concentration of all types of polymers. 
For this constancy to be ensured, appropriate fluxes of monomers 
and polymers must be chosen. 

An objection was raised against Darwin’s theory of evolution 
which seemed convincing: natural selection means the survival of 
the fittest. But the criterion of fitness, adaptation, is survival. 
Hence, the Darwin theory is a vicious circle, a tautology, meaning, 
as it were, the survival of those who survive. 

In fact, the criteria of adaptation which are satisfied by the 
highest survival of progeny are quite objective, being determined 
by the environmental conditions. It is the role of these conditions 
that is played by the constraints in the Eigen theory—the condition 
of constant organization or, in another version, the condition of 
constant fluxes. 

The Eigen mathematical model is formulated as follows. We have 
n different types of polymers, their concentrations being denoted 
by x; (« = 1, 2,..., n). Each type displays metabolism, being capa- 
ble of self-reproduction and mutagenesis. The kinetic equations 
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‘ @s 
2, =(A,Q;—D,) 2; + >) 9:52; + (17.4) 
jzi * 3} 2; 
j=l 


Here A;Q;z; describes the formation of a polymer 2; by way of self- 
reproduction; D,;x; describes the degradation of the polymer. Meta- 
bolism and self-reproduction are incorporated into the first term. 
The second term describes mutations—the polymer species i receives 
extra copies as a result of the corresponding errors in the poly- 
mer species j. The presence of mutations is also expressed by the 
multiplier Q; which is called the quality factor. Q; = 1 implies er- 
rorless replication, and 1 — Q; is the measure of errors. According- 
ly, the conservation law is valid: 


> 414-0) = SD ona; (17.2) 
i= Fl 


1=1j 


Finally, expression (17.1) contains the net flux M,. It is presumed 
that macromolecules i leave the system or are added to it propor- 
tionately, i.e., just as z;/n, where 


n 


n= >) xj=const 
aa 


Moreover, dilution may occur as a result of the influx of the solvent. 
Thus, the constancy of the general organization is expressed by 
the conditions 


n 
A,Q;=const and >) z;=n=const (17.3) 
j=1 


The conservation of erroneous copies (17.2) is given by 


n n 
» A, (1—Q)) a= > > P1j2j 
Accordingly, 


2 (Aj;—D;)2;= 2 E ;t;= —®, (17.4) 


since M2; = 0. The flux ®, compensates for the production of all 
macromolecules. Equations (17.1) reduce to the equations 


t,=(W,—E(t))a;+ > gia; (17.5) 
ji 
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where 
W,=A,Q;—D, (selective value) (17.6) 


n n 
E (t) = > Ejz,] > rjy= — 2. (average productivity) (17.7) 


j=1 j=1 


Equations (17.5) are nonlinear, since £ (t) contains all z;. This term 
gives a sliding and self-regulating flow of self-organization. The mac- 
romolecules that increase in number are those whose selective value 
W; is above the threshold £, i.e., Ww; — E>O0. An increase in 
their number shifts the threshold E to the side of ever increasing 


values until an optimum value £ is reached, which is equal to the 
maximal selective value W,, of all the species available: 


E> Wm (17.8) 


Hence, the system will tend to assume a state of “selective equilib- 
rium”, which is, however, unstable. It will be disturbed when, as 
a result of mutations, there will appear a new copy having a higher 
selective value, i.e., one satisfying the condition W,,4, > Wm. 
Following this, the system will pass to a new state of equilibrium, 
etc. This kind of optimization may be nonmonotonic, since the max- 
imal selective value W,, depends on a given distribution of concen- 
trations z;, which characterizes the state of the environment. 

It is obvious that each mutation leading to a rise in selective value 
corresponds to a negative fluctuation in entropy production—the 
increase of order and information. This points to the instability of 
the existing steady state. 

Thus, the kinetic equations having been written, (17.5), we are 
to solve them. We shall first try to ascertain the significance of the 
Eigen model from a qualitative standpoint. 

The system in question may be visualized as being enclosed in a 
box with semipermeable walls, through which the monomers and 
solvent molecules (but not polymers) pass. Inside the box there oc- 
cur a polymerization reaction, a template replication of macromole- 
cules and their degradation. Macromolecules having the highest se- 
lective value are replicated more rapidly and, hence, their number 
in the box must increase at the expense of the remainder of macromo- 
lecules that “die”. This is fully supported by computer calculations. 
Figure 17.1 shows the behaviour of four competing types of macro- 
molecules with different values of W;. Only those chains “survive” 
whose selective value is maximal. 

Equations (17.5) may be rearranged to 


E, (t) = (4; —E (t)) & (0) (17.9) 
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where E (t) is given by Eq. (47.7); & are “normal modes” which are 
linear combinations of x;. We have 


n= > a= 3 e:=const (17.10) 
and = - 
E(t)= 2 Mabe (t)/n (47.44) 


The solution of the system (17.9) at t—> 00 has the following prop- 
erties. All &, for which 4, < E (¢) tend to zero, shifting continu- 
ously the threshold for selection E (#) in accordance with Eq. (17.11) 
until only one “quasi-species” 
(usually, a wild type plus a dis- 
tribution of mutants) is left, 


which is characterized by a max- x(t) 
imal eigenvalue Amax. The se- 
lection is described by the ex- 0.75 et 
tremum principle < 

E (¢) > Amax 0.50 Si =exp(-kgt) 
The “quasi-species” differs from sis . 


a “species” with concentration 
Im by having not only a domi- 
nant form (the “main copy”) but 
all its mutants as well—the 
normal mode &,, corresponding 
to Amax is a linear combination Fig. 17.1. Selection in a system of 
of concentrations zm and con- {our competing species: 
centrations of all mutants z,,. "2— 1) We= 4) Wa= 9) Wa = 10. 
The contribution of z,, to Em 
is predominant. 

Consider the value of mutations—the quality factor Q;. The av- 
erage productivity (17.7) may be represented in the form 


= 1 — ‘m = 
E=— (Emm + >> E,x) = Etem+=™ (Em—Eigm) (17.12) 


lAm 


05 1.0 1.5 Kot 


where _ 
Evgm= >) Eyx,/ >) t= Dd) Eja/(n—2m) 
lsém l=£m lem 


The condition of selective equilibrium E = W,, gives the “equilib- 
rium fraction” of the species selected, i.e., its relative survival: 
Win — Eyam 


fm _ mT A tem (17.13) 
% Em—Elem 
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The steady-state fraction of erroneous (mutated) chains 1 — z,,/n 
is proportional to 1 — Q,: 
4{— tm _. En—Wm =e Am— Dm—AmQm+Dm = Am(1—Qm) 
Me Em—E\em Em—Ej,sm Enm—Ej\um 
(17.14) 


At Qm = 1, tm = n, i.e., there would have taken place a complete 
selection of “main copies”, but further evolution would have stop- 
ped. The evolution requires mutations, i.e., the value of Q,, must 
be less than unity but larger than a certain value Qmin. The value of 
Qmin is found from the condition z,, = 0, i.e., in accordance with 


Eq. (417.13), Wm = Ejyem: We have 
Dnt Erm _ 


Am 


1> Qn > Qmin = (17.15) 


The quality factor Q is determined by the accuracy of recognition 
of the monomer upon template replication. If the recognition of a 


given unit is independent of the recognition of the other units, i-e., 
if there is no cooperativity of recognition, the probability of the 


Q=% (17.16) 


where q is the probability of one unit being exactly reproduced. Com- 
paring Eq. (17.16) with Eq. (47.15), we find that 


1 1 
Vou <pp © Toe (17.17) 
since at q close to unity, In g~1-—gq. The inequality (17.17) 
is the threshold condition which gives the upper limit for the amount 
of information contained in a stable self-reproducing system. 


17.3. Game Models and Informational Aspects 
of Self-Organization 

The key problem being solved by the Eigen model theory is the 
problem of the emergence of an ordered structure from the original 
chaos, the problem of creation of information. As we have seen, the 
appearance of order and its selection and maintenance are possible 
in an open autocatalytic (template) system that is far from equilib- 
rium. 

The accidental self-organization of chaos and the development of 
irreversible evolution are difficult to visualize. Indeed, the number 
of various polynucleotide chains having a length of v = 100 units 
built up of four nucleotides is equal to 41° ~ 10°. The accidental 
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choice of a chain with a certain primary structure has a tiniest prob- 
ability and, hence, is not realizable. 

Without taking into account template self-reproduction, even the 
eminent physicists (Wigner) have come to the conclusion that pre- 
biotic. self-organization is impossible and contradicts the basic laws 
of physics. We see that this is a seeming contradiction. The Eigen 
model theory admits self-organization. We shall illustrate the emer- 
gence of order from chaos by resorting to game models. 

Let us consider the model proposed by Paul and Tatiana Ehren- 
fest (1907). Suppose we have a chessboard on which black and white 
draughtsmen are arranged arbitrarily, occupying all the squares. 
We have two octahedral dice, on one of which are marked the num- 
bers of horizontal rows 1, ..., 8, and on the other the letters indicat- 
ing the verticals a, ..., h. The rules of the game are as follows: hav- 
ing thrown both dice, we replace a draughtsman, whose coordinates 
have been obtained on casting, by one of the other colour. The 
outcome of the game is independent of the initial distribution: near- 
ly equal numbers of black and white pieces will obtain on the board 
after a sufficient number of throws. This number, which corresponds 
to one generation, is 64. The Ehrenfest game models the attainment 
of equilibrium. The probability distribution is Gaussian, with a 
maximum at N/2 = 64/2. In this game a limitation of fluctuations 
is clearly manifested. If there appears a deviation from the equi- 
librium distribution, the probability that this deviation will de- 
crease increases in proportion to the deviation. The system is self- 
regulating in the sense that it returns to the stable equilibrium. This 
is the general law of the behaviour of the system near equilibrium. 

Now we change the rules of the game: a draughtsman chosen by 
throwing two dice is not replaced by a draughtsman of the other col- 
yur; we take another draughtsman of the same colour. In this case, 
‘he uniform distribution is unstable—if to the initial state there cor- 
‘esponded 32 white and 32 black pieces, then after 64 throws draughts- 
nen of the same colour will be left on the board. A chance devia- 
ion from the uniform distribution increases and decides the fate 
of the system. In this game, order arises from disorder as a result 
f a chance excess in population rather than of the selective advan- 
age for one of the two colours. The game models the “survival of 
he surviving” and not Darwinian evolution (see page 568). 

The third game simulates the behaviour intermediate between the 
table and the unstable behaviour. This is a game of random walk. 
“his time we cast a coin instead of dice. If a tail obtains, we replace 
n arbitrary black piece by a white one; if we obtain a head, the 
eplacement is reversed. The uncertainty of an elementary event 
aay have a direct bearing on the macroscopic distribution. The sys- 
em will oscillate randomly between the two extreme cases (all 
he pieces are either black or white). 
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The difference between the three games is demonstrated by the 
probability values for the extreme cases indicated. The occupation 
of the board exclusively by black or white pieces in random walk 
requires, on an average, 32 generations (32? ~ 1000 throws) if 
the initial distribution was uniform. In the second game, such a 
state is attained only after one generation (64 throws). In the Ehren- 
fest game, for an extreme state to be attained, about 10!® throws are 
needed, since the probability of such a state is (1/2)-** ~ 10-®. 

In these games there are no conditions for selection: metabolism, 
self-reproduction (autocatalysis) and mutations. Eigen proposes the 
“bead game” to illustrate the theory advanced by him. 

We have four types of glass beads, say, blue, yellow, red, and 
green, arranged on the squares of a chessboard. We consider “birth” 
and “death” to be independent processes. The “death” is simulated 
by the Ehrenfest game—a bead is removed from the square, whose 
coordinates were obtained by throwing a die. The result of the next 
throw corresponds to the second game, i.e., it simulates the “birth” — 
the bead of the square obtained is doubled, a similar bead is placed 
on the square that has been freed on the previous throw. The “death” 
and “birth” alternate, and the total number of beads remains unal- 
tered (64). We now introduce selective advantages into the game. 
If throwing two octahedral dice gives a “birth”, we cast once more 
an ordinary cubic die and double the blue bead if any number of 
points obtains on this die; we double the red bead if 1, 2, 3, 4, and 
5 points (but not 6) are obtained; we double the yellow bead if 
1, 2, 3, and 4 points are obtained, and we double the green if we 
obtain 1, 2, and 3 points. Thus, the probability of “multiplication” 
for blue beads is the highest and that for the green beads the lowest. 
It is essential that in the “birth” phase the dice are cast until the 
doubling of beads becomes possible. This models regulation by 
maintaining the total number of beads constant. 

The “bead game” is the model of Darwinian evolution. Obviously, 
only blue beads will eventually “survive’—the entire board will 
be occupied by them. This is demonstrated by computer calculations. 
For mutations to be taken into account, we consider a modified ver- 
sion of the game. We have only two types of beads—blue and yellow 
beads. The blue beads are doubled 4 times faster than the yellow 
ones. We ascribe to blue beads a certain probability of erroneous 
reproduction—the replacement of a blue bead by a yellow one. In 
contrast, the yellow beads multiply without errors—the probability 
of appearance of a blue bead from a yellow one is negligibly low. 
Calculations for the error probabilities of 0, 25, 50, and 75 percent 
show that in the last two cases the blue beads die out; with an error 
of 25 percent their number exceeds the number of yellow beads, but 
the yellow beads do not die out; with precise reproduction the blue 
beads replace the yellow ones. Thus, there is a threshold value for 
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the error percentage at which the predominant multiplication of 
blue beads is still possible. 

The emergence of order in these games implies the creation of 
information—the memorizing of an accidental choice at the macro- 
scopic level (see Sec. 9.1). In the Eigen model described in Sec. 17.2 
we deal with the isolation of the previously available information 
from the noise that masked it and with the creation of new informa- 
tion. The first process is modelled by the presence of an a priori 
maximal selective value in the “main copies”, the second by the ap- 
pearance of new “main copies” as a result of mutations. Thus, the 
optimum £ — W,, means the elucidation of information, and the 
shift Wm — Wm+, means the creation of new information. 

The revealed and created information is left in the system—the 
system “memorizes” this information. The memorizing of informa- 
tion is a nonequilibrium and irreversible process. We see that the 
developing system is the creator and receptor of information—the 
“memorizing” is accomplished by the receptor (see Sec. 17.9). “Mem- 
orizing” is a property of a dissipative system. A system close to 
equilibrium does not “memorize” accidental deviations from equi- 
librium, fluctuations. On the contrary, a dissipative system is capa- 
ble of “memorizing” in the sense that it is able to memorize a random 
choice—to create and receive information. 


17.4. Hypercycles 

We return to the Eigen model. To make this model be more close- 
ly related to nature, we shall assume that macromolecules do not 
self-reproduce but synthesize complementary chains. The system is 
described by the alternation of “plus” and “minus” copies (+7 and 
—i). Selection occurs among -t i assemblies represented by the cy- 
cles 


+i 


D 


~i 
The theory is not changed. 

Natural selection among such cycles cannot, however, lead to the 
appearance of selected long macromolecules. First, the probability 
of the correct incorporation of a monomer into the polynucleotide 
chain q (see page 572) does not exceed 0.99. Hence, even at v = 100 
we have Q=q’=(0.99)? = 0.36. Second, the selection cost expres- 
sed by the quantity W, does not correlate uniquely with the primary 
structure of the chain. In the chain there may arise mutations and 
the template synthesis may involve errors without the parameter 
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W; being changed. The template replication is based on the recog- 
nition of individual units and their nearest neighbours. For example, 
the double mutational replacement 


... CABBD ... CACBD ... > ... CACBD ... CABBD ... 


must not affect the value of W;,'i.e., the rate of synthesis of the 
chain as a whole. 

A double mutation is, of course, hardly probable. A unit replace- 
ment of the link changes W;, but with a large number of links v 
this change is very slight. The relative change of the rate of template 
synthesis upon replacement of one link is of the order of the quantity 
v-1, Suppose that, as a result of the replacement, the selective value 
W; has increased by a corresponding small amount. Selection takes 
some time. If during the time of the predominant survival of the 
main copies there will appear a second mutation which brings W, 
back to the previous value, then no new main copy will evolve. 
Hence, the quantity W; does not represent the true information value 
in the case of a simple or complementary reproduction. 

No matter how low are the probabilities of mutations, within a suffi- 
cient period of time in the system there will accumulate chains that 
are degenerate with respect to W,, but have different primary struc- 
tures. If the chains are long, the number of such degenerate macro- 
molecules will be large. In the long run, to the most probable state 
of the system there will correspond the maximum number of differ- 
ent primary structures of chains with equal values of W,,. Hence, 
the selective equilibrium is not only unstable but it must inevitably 
degenerate. 

For macromolecules to undergo evolution, an autocatalytic system 
is required that makes use of the information stored in the chain, 
i.e., a system reproduced by recognizing not individual links but the 
primary structure of the chain as a whole or a considerable part of 
it. 

What has been discussed above refers to polynucleotide chains. 
We see that any apparently long chains (according to the estimate 
by Eigen, with v > 100) do not undergo evolution by themselves. 

Protein macromolecules contain a larger amount of information 
than the corresponding polynucleotides, since they possess different 
tertiary (and quaternary) structures. But proteins are not capable 
of autocatalysis, self-reproduction. They contain a large amount of 
information that has a low selective value. 

Eigen arrives at the conclusion as to the evolutionary necessity 
of the autocatalytic hypercycle built up of elementary polynucleo- 
tide cycles + i (page 575) with the catalytic participation of proteins 
synthesized with the aid of the same polynucleotides. 

Consider a sequence of reactions in which the products of each of 
the steps undergo further transformation. If in such a sequence some 
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product coincides with the reactant of the preceding step, the sys- 
tem forms a reaction cycle, which is a catalyst as a whole. As a mat- 
ter of fact, we have already encountered a catalytic cycle in consid- 
ering enzymatic reactions (Fig. 17.2). Anojher example is the citric 
acid cycle or the Krebs cycle (page 442). 

The Eigen catalytic hypercycle consists of information carriers— 
the polynucleotide cycles J,, Z,, .... In, which instruct their own 
reproduction and translation during the synthesis of enzymes £;, 
which perform the role of polymerases—they serve as catalysts for 
the reproduction of the next information carrier [;,, (Fig. 17.3). 


Fi 


Fo 


Fig. 17.2. The cycle in an enzy- 
matic process. 


Fig. 17.3. A self-instructing cata- 
lytic hypercycle: 

1; —information carriers, i.e., +j-cycles 
of RNA; Ej—enzymes coded by ; and 
catalyzing the generation of carriers 
15443 Ej and Ej—enzymes catalyzing 
parasitic processes, 


The hypercycles make use of the entire information stored in 
polynucleotide chains or a considerable part of it. The hypercycle 
has the following properties: 

1. It provides a stable and controlled coexistence of all species 
united through cyclic linkages. 

2. The hypercycle provides a coherent growth of all its participants. 

3. The hypercycle competes with any individual replicative unit 
that does not belong to it. 

4. The hypercycle is capable of increasing or decreasing in size 
if this change gives a selective advantage. 

5. The hypercycle may unite into networks of a higher order. 

6. The hypercycles compete with each other. The inner linkages 
and cooperative properties of the hypercycle may develop up to an 
optimum function. “Phenotypic” advantages, i.e., variations, which 
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give a distinct advantage to a mutant, are immediately stabilized. 
On the other hand, “genotypic” advantages, which favour tho 
emergence of the next product, require a spatial separation for a 
competing fixation. 

For hypercycles the selective advantages are always functions of 
the size of population due to nonlinearity. Therefore, once established, 
the hypercycle is not easy to replace by a new one, since a new 
species always appears in a small number of copies. The information 
fixed in the hypercycle cannot be easily lost. 

These properties of hypercycles are illustrated by model numerical 
calculations. Hypercycles that contain a sufficient number of links 
are characterized by limit cycles on the phase portraits. All the 
components of the hypercycle coexist, experiencing correlated non- 
linear oscillations. This provides a mutual stabilization of the com- 
ponents. 

The Eigen theory has been compared with the experiments on the 
“evolution in a test tube” carried out by Spiegelman (1965-1971) 
and Weissmann (1976). In these experiments the mutants of tho 
Qp-phage were studied. The Eigen theory models well their selection. 

How could hypercycles, systems that are already sufficiently com- 
plex, have emerged? As a matter of fact, this is the basic question 
pertaining to the Eigen theory. According to Eigen and Schuster, 
the first self-reproducing structure with a stable content of infor- 
mation is a molecule of the type of tRNA built up of about 100 nu- 
cleotides. This supposition had been made earlier by Kuhn (1972) 
(see Sec. 17.5). These molecules of the pre-tRNA were selected as a 
quasi-species. They were stable towards hydrolysis, since they had 
not only a secondary but also a tertiary structure (page 289). This 
structure was inherently chiral. A few such molecules having similar 
functions but different specificities were required for constructing 
a translation system. Such a system may have arisen from a singlo 
quasi-species, but equivalent partners must have been simultaneous- 
ly developed. This cannot be done by uniting molecules into a self- 
reproducing macromolecule of a larger size because of the error thresh- 
old. Nor is this possible via compartmentation because of a severe 
competition inside a compartment. Hence, the process requires that 
functional relationships be established among all the units. These 
relationships must admit a competition with erroneous copies, other- 
wise the information could not have been preserved. These relation- 
ships must “switch off”? the competition between the units that are 
to integrate into a new functional system and provide their cooper- 
ation. And, finally, the integrated functional system must success- 
fully compete with any other less efficient systems. These threo 
requirements can be fulfilled in hypercycles alone. 

In the early stages of evolution, which are characterized by inac- 
curate replication and translation and by a low content of efficiently 
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replicating units, the hypercyclic organization offers substantial 
advantages. 

Eigen and Schuster have proposed concrete models for the origin 
of the genetic code. In particular, arguments are proposed to support 
the view that the start of translation is favoured by primary structures 
enriched in hypercycles. Translation arose due to a sufficient amount 
of proteinoids, protein-like substances (see page 567). The resulting 
translation system could have been improved, but it did not admit 
a new translation system with an alternative configuration. In this 
way, a unified genetic code was created and improved. The subse- 
quent stages of evolution involved compartmentation and genetic 
recombination, the quality factor Q@ and the maximum number of 
links in the functional chains, v;,,, being increased during the course 
of evolution. 

These considerations are reasonable, but the problem of the origin 
of a hypercycle, a genetic code, and a translation apparatus remains 
open in the Eigen theory. We cannot presume that these events 
occurred by chance, with a very low probability. Had this been the 
case, the very origin of life itself 
would have had a vanishingly 
low probability. We look for a 
model interpretation of prebiotic 
and biological evolution that 
would account for their legiti- 
mate origin. 


17.5. Other Models 
of Prebiological Evolution 

Let us first consider the ther- 
modynamic aspects of evolution. 
The Eigen model, which accounts 


for the selection of the pre-tRNA 
with a highest selective value, 
describes the mechanism of the 
fluctuational decrease of entropy 
in a dissipative system. A muta- 
tion corresponding to a rise in 
selective value leads to anjin- 
creased order. This is shown sche- 
matically in Fig. 17.4. 


Fig. 17.4. The time dependence of en- 
tropy S ‘for the process of selection 
at constant total fluxes of monomeric 
units. The time interval t,t, repre- 
sents a stationary state (o = con- 
stant); the interval t,t, gives the 
region of instability; at t>t, a new 
steady state appears. 


Prigogine and his coworkers (1972) have conducted a phenomeno- 
logical treatment of evolution in terms of the theory of stability. 

Suppose we have n interacting substances X; (i = 1, 2, ..., m) 
with sufficiently high concentrations z;. For an open system we have 


LHF 7 (iy we 
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The first term describes the flux of the substance from the surround- 
ing medium and the second, the reactions taking place inside the 
system. We assume ¥§ to be constant and the system to be homo- 
geneous. Suppose that Eqs. (17.18) have at least one asymptotic stable 
solution; this means that all n roots of the characteristic equation for 
the system have negative real parts. 

Let us now assume that there accidentally arise mutants of sub- 
stances X;, i.e., their erroneous copies Y; (jf = 1, 2, ..., s) with 
concentrations y;. The order of Eqs. (17.18) increases by s. If s = 4 
(one mutant), the characteristic equation of the increased system 
will then contain an additional term of order e. At small ¢ the charac- 
teristic equation will have mn + 1 roots, where n roots are close to 
the roots of the system (17.18). The stability of the steady state of 
the increased system will be influenced only by a new root Aj41, 
which may depend on ¢ either as 


Anti~wet (17.19) 


if the correction term is a multiplier in the term containing an 
(n + 1)st power of A, or as 


Neay ~we (17.20) 


if the appearance of Y,; adds a constant term to the characteristic 
equation. 

As a result, in both cases there may appear roots with a positive 
real part. A small perturbation of the system (17.18) may lead to a 
substantial change in its stability. In the case of (17.19), this change 
will be rapid, and with (17.20) it will be slow. In the case of (17.19) 
the evolution of Y is described by the equation 


ey = G ({z}, y, &) (17.24) 


where {x} is a set of all the variables z;. Equations (17.18) take the 
following form 


x, = Fi ({2}) + F(z}, y, &) (17.22) 
In the case of (17.20), instead of Eqs. (17.21) and (17.22), we get 
Y= G, ({z}) + eGs ({2}, y, e) (17.23) 


©, =F ({2\) + F 4; ((2}) +eF 2; ({z}, ys ©) (17.24) 


Let us consider the case (17.19). We introduce a new variable t = 
= t/e >t and rewrite Eq. (17.21) in the form 


4 =6 ({}, y, ®) (47.25) 
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Equations (17.21) and (17.22) describe the evolution of the system in 
various time scales. Equations (17.21) and (47.25) represent the fast 
production of a new substance Y at practically constant values of 
{x}, and Eqs. (47.22) represent the gradtial change of {x} after y 
has reached its steady-state value, corresponding to G ({x}, y, €) = 0. 
Thereby, selection must occur rapidly. The situation is thermody- 
namically equivalent to the one presented in Fig. 17.4—the fluctua- 
tional entropy production is negative. 

In the case of (47.20), Eqs. (47.23) and (17.24) describe (at an 
instability) the gradual evolution of substance Y to a new regime. 
Comparison with Eq. (17.6) shows that the factor e may be treated 
as the average rate of mutations, the instability being directly 
determined by copying errors. In the case of (17.19), the role of 
mutations consisted in introducing relationships between the old 
and new variables. The evolution through instability was deter- 
mined by the emergence of new elements, say, new enzymes. 

In Eq. (17.23) we put G, = 0, i.e., we assume that the new sub- 
stance is produced by mutations alone. The original system may 
become unstable if G, is an increasing function near ({x)}, y, 0), 
where 2 represents the solutions of the initial system. 

These conceptions are nicely illustrated by kinetic models that 
describe autocatalysis and phase transitions—the change from the 
production of one species of polymers to that of another species of 
polymers. 

In 1972 Kuhn advanced a spectacular model of prebiotic evolution 
which takes direct account of the circadian periodicity in the state 
of the environment. Such a periodicity implies a periodic change of 
temperature and humidity—the alternation of the dissolution of the 
substance and the drying of the solution. There were first formed 
relatively short polynucleotide chains, the pre-tRNA’s, which 
acquired a tertiary structure. The periodic change in the states of 
the environment acted as a selection factor—only those molecules 
were preserved which had not been hydrolyzed in the humid stage. 
Chains were selected that were capable of replication. This was 
accompanied by the appearance of chirality, whose sign was deter- 
mined by an initial chance event (see page 48). 

These processes took place at the boundary between the sea and 
the land, molecules were synthesized in the pores (compartments) of 
clay minerals, into which energized monomers found their way. 
The periodicity of the state of the environment determined the alter- 
nation of the multiplication of molecules and their selection, the 
alternation of convergent and divergent phases. This was followed 
by extension, i.e., the chains became more and more complex, and 
at each stage the forms capable of multiplication were functionally 
tied up with the environmental conditions. A stepwise expansion of 
life space began to evolve. 
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The next stage, according to Kuhn, consisted of the formation of 
associates from molecules of the pre-tRNA. Only those molecules 
were selected that were structurally related to one another. The 
associates were practically correctly multiplied, despite the frequent 
errors in some molecules. What occurred is, in fact, similar to the 
operation carried out during the industrial assembly of cars from 
separate parts. The parts are controlled in advance, separately, prior 
to assembly. 

Kuhn emphasizes the importance of self-assembly not only in 
contemporary living systems but also in prebiotic evolution. 

During the subsequent evolution, according to Kuhn, the system 
became more and more independent of the rather specific environ- 
ment as a result of its increasing complexity. The informational 
aspects of the increase of complexity will be discussed in Sec. 17.10. 
This was also accomplished by way of alternation of divergent and 
convergent phases. The convergent phase implies the detailing of 
the existent organization and the divergent phase, the rearrange- 
ment of the system and the creation of new information. As a result 
of such rearrangement, the life space was expanded. The associates 
increased in size, penetrating into larger-pore regions. Later, they 
served as catalysts (templates) for the synthesis of a second species 
of macromolecules (proteins), which built compartments, blocking 
the pores in minerals and hindering the diffusive separation of tem- 
plate molecules. There was developed a feedback between the poly- 
nucleotides responsible for the synthesis of polypeptides and these 
polypeptides. Membranes were formed which made the system 
independent. There evolved a genetic code as a by-product of the 
evolutionary development. Accordingly, there appeared primitive 
enzymes. 

The subsequent stages involved the rearrangement of the genetic 
apparatus—the separation of the replication mechanism and the 
mechanism of enzyme synthesis. This led to the appearance of a 
third, latest species of macromolecules—polydeoxynucleic acids 
(DNA). 

Having reached a certain level of complexity, such systems en- 
counter a limit of the genetically transferrable amount of infor- 
mation. It is about 107 bits. The optimum value of error upon re- 
plication of a nucleic acid is 10-*. This is the system-bound limit. 
It was surmounted in nature through the emergence of sex and genetic 
recombination. The evolution of a sex apparatus already required 
exceedingly refined structural elements—a kind of explosive evolu- 
tion of cell organelles. This was the switch from prokaryotes to 
eukaryotes. The switch was jumpwise (similar to a phase transition!), 
since no intermediate systems existed. 

The Kuhn theory offers simple estimates of the time required for 
the successive phases of prebiotic and biological evolution (see 
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Sec. 17.6). As we have seen, the hypercycle in this model is formed 
later than membranes. 

Chernavskaya and Chernavsky remark that the supposition of the 
presence of specific enzymatic (polymerase) functions in randomly 
synthesized polypeptides in the Eigen theory and in the Kuhn 
theory is unsatisfactory. This supposition introduces into the model 
an event whose probability is exceedingly low. Chernavskaya and 
Chernavsky propose a model of prebiotic evolution different from 
those described. This model admits the possibility of protein syn- 
thesis on a polynucleotide molecule just as on a heterogeneous catalyst. 
This synthetic pathway itself predetermines the shape of the protein 
molecule and, hence, its function. 

The assembly on the surface of a double-helical polynucleotide 
gives rise to a complementary structure of the protein that forms a 
coat for the polynucleotide. The jacket has a replicase function if 
the complementary correspondence between the coat and DNA 
(RNA) is not complete and a mechanically strained conformation 
arises in the complex. An important role here may be played by a 
periodic change of the environmental conditions. The resulting 
nucleic acid-protein complexes are no longer capable of self-repro- 
duction, which, however, fails to provide the fixation of “positive” 
features: a sheath may be synthesized on the daughter double helix 
which hinders replication. It is possible that primary adaptors of 
the type of tRNA arise in the system. With incomplete complementa- 
rity the system contains grooves into which there penetrate molecules 
that are complementary to the double helices, on the one hand, and 
to one or a few amino acids, on the other. The adaptor has the con- 
formational flexibility required. Such a mechanism may serve as 
the primary mechanism of translation which appears before the 
evolution of the genetic code. 

The model is given in mathematical form by means of appropriate 
(nonlinear) kinetic equations and of an examination of the phase 
patterns. 

The emergence of the genetic code may be determined by two 
mechanisms. First, in accordance with the Eigen theory, there is 
possible the preferential survival of objects with a protein coat, which 
provides the highest rate of replication. Such a selection may give 
rise to an assembly of objects with identical protein coats but with 
different nucleotide sequences. To one amino-acid sequence there 
will correspond several nucleotide sequences. In this case, however, 
evolution may be interrupted as a result of “reverse degeneration”. 
There is possible the formation of adaptors complementary to ident- 
ical nucleotide sequences and to different amino-acid blocks. This 
leads to errors in protein synthesis. According to Chernavskaya and 
Chernavsky, the reverse degeneration is overcome by antagonistic 
interactions. When molecules with different nucleotide sequences 
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interact with one another, their sets of adaptors may be mixed. This 
will interfere with protein synthesis in objects that have encountered, 
and they both will perish; this will not take place in encounters of 
identical objects. The kinetic (dimensionless) equations in the 
simplest case of two objects, x and y, have the form 


2 a 2—ay, Sha=y—sy (17.26) 


The phase portrait of the system is shown in Fig. 17.5. The isoclines 
(see page 506) of the horisontals are straight lines y= 0, x = 1, 
and the isoclines of the verticals are straight lines z = 0, y = 1. 
The system has two unstable 
steady states—the ‘unstable node 
xz=0,y=0 and the saddle 
xz = 1, y =1. The system proves 
to be operating by the all-or-none 
law: depending on the initial 
conditions, the trajectories run 
either to the point z > o, y>0 
or to the point x0, y—> o~. 
Thus, one of the two possibili- 
ties is chosen. 

The occurrence of antagonis- 
x tic interactions during prebio- 
tic evolution nevertheless re- 
quires more rigorous argumenta- 
tion. 

Ebeling and Feistel (1979) have 
proposed a model which combines 
the Eigen theory with the compartmentation concepts—the coacer- 
vates according to Oparin. The compartments arose in the early 
stages of chemical evolution. They gave rise to chemical microreac- 
tors. The driving force of evolution was the competition between 
these microreactors, in which there evolved a “molecular language” 
that later led to the evolution of the genetic code. Catalytic cycles 
and networks were built in such microreactors. Introducing space 
inhomogeneity, Ebeling and Feistel overcome the difficulties as- 
sociated with the formation of the hypercycle. Coacervate-micro- 
reactors play the role of the first primitive cells capable of division 
and containing the precursors of the evolution of more complex 
molecular and supermolecular structures. 

The models described above cannot be regarded as reproducing 
the actual processes of prebiotic evolution. They show, however, that 
the physico-mathematical modelling of prebiotic and _ biological 
evolution is basically possible. They allow one to come to a con- 
clusion of fundamental importance for theoretical biophysics: 


Fig. 17.5. The phase pattern of the 
system (17.26). 
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contemporary physics is, in principle, sufficient for the understanding 
of biological phenomena, among which the most important are the 
phenomena of development. 

The investigations in this field are in the injtial stage, the models 
described are informative and instructive, though of transient 
nature. However, the physical substantiation of theoretical biology 
has been started. 


17.6. Biological Evolution 

The acquaintance with the living world and with the foundations 
of the theory of evolution immediately poses numerous questions 
before the investigator. If evolution is not directional at all and 
consists, at each stage, of the trial-and-error sorting of all accidentally 
arising mutations with the predominant survival of mutants best 
adapted to the environmental conditions, then how could such 
complex living systems have evolved for a time period of 3.5 x 10° 
years? How could, in general, complex and perfect organs, such as, 
for example, the eye of vertebrates with its regulatory devices or the 
facet eye of an insect, have evolved at all by way of natural selection? 
It might seem that for natural selection there was neither sufficient 
time nor sufficient material—a diversity of mutants. 

Such are the fundamental questions that face the physicist specu- 
lating on evolution. Darwin, who constructed the theory of evolution, 
yet failed to provide answers to these questions. The emergence of 
a highly ordered biosphere from chaos remained obscure on the basis 
of pure statistics. It is for this reason that there appeared finalistic 
theories of directed evolution—from the Berg nomogenesis to the 
Omega principle of Teilhard de Chardin. 

In the last several decades the situation has changed owing to a 
deeper general understanding of the evolution of the Universe and 
to the successes achieved in genetics and molecular biology. Though 
no strict quantitative theory of evolution is available, we can give 
positive answers to the question indicated: yes, both the time and 
the material were sufficient. 

As Mayr states (1968), the modern concept of the world is based 
on the knowledge that the Universe, stars, the Earth, and all living 
creatures have evolved during the course of a long history which 
had not been predetermined or programmed, the history of con- 
tinuous gradual changes corresponding to more or less directional 
processes compatible with the laws of physics. As has already been 
said above, cosmic and biological evolution are similar in this 
respect (page 16). 

Darwin’s theory is based on four main principles: 

1. The world is not static but is in the process of development. 

2. The evolution is continuous and gradual. 
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3. The diversity of species, including the biosphere as a whole, 
have a single common ancestor—the life on the Earth originated in 
a quite definite way. 

4. The mechanism of evolution is natural selection, a two-stage 
process consisting of the appearance of variant types and of the 
survival of the fittest in the course of the struggle for existence. 

According to Darwin, a given species is represented by a principal 
genotype with a small number of rare variants which deviate from 
it. The discovery and the first studies of mutations have, it might 
seem, confirmed this concept, since the probabilities of mutations 
are low. 

In actual fact, as we know at present, each population contains 
an enormous reserve of genetic variants, which are not at all mani- 
fested directly in the differences between macroscopic features. It 
has been established that in populations of any significant size there 
are genetic variants for nearly all organismic features. Gel electro- 
phoresis has made it possible to discover a wide variability of pro- 
teins, sets of isoenzymes, which characterize genetic variants at the 
molecular level. This is also evidenced by a practically unlimited 
diversity of lymphocytes and antibodies in man and higher animals 
(see Sec. 17.8). The variability of proteins expressed by the fraction 
of heterozygous loci per species is 17 percent in plants, 13.4 percent 
in invertebrates, and 6.6 percent in man and vertebrates. The last 
figure is the lower limit. 

The extreme genetic diversity is determined by a number of 
factors, the most important of which are genetic recombination due 
to sexual reproduction and the presence of predominantly neutral 
mutations, which do not affect life activity. The majority of genetic 
variants in populations arise not from new mutants in each genera- 
tion but as a result of the “shuffling” of the previously accumulated 
mutations by way of recombination. 

The genetic variability is actively maintained by a number of 
factors, primarily by the heterozygous advantages—individuals that 
are heterozygous with respect to many loci are usually stronger and 
can be more successfully reproduced than homozygous individuals. 

Of course, the factors responsible for gene mutations operate 
randomly in the sense that these mutations arise independently of 
their future adaptability to the environment. Finalism in evolution 
is completely rejected by the fact that the original changes in the 
genetic material may be only mutational, i.e., random. 

Thus, there was more than enough material for evolution—at 
least from the time when sexual reproduction appeared. But was 
there sufficient time? 

The random, chance appearance of mutations does not imply the 
absence of directionality in evolution. Such directionality arises in 
a natural way, since selection through the survival of the fittest is 
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\ directional rather than an accidental factor. We have already seen 
hat this factor may have operated in prebiotic evolution (see Sec- 
ions 17.2 through 17.5). The creation of new information is the 
nemorizing of a random choice. The selectton is random but the 
nemorizing process is not random, since it is determined by the 
‘constraints imposed by the environment. 

Let us note in passing that sexual reproduction—genetic recom- 
sinations—implies a continual generation of new information, since 
he combination of genotypes of two given heterosexual individuals 
s accidental and not programmed in advance. 

The directional evolutionary progress therefore arises automatical- 
y, because evolution favours any variant type that gives advantages 
n competition. The successful operation of natural selection does 
recur and is possible owing to the high individualization of biological 
ystems. The evolution cannot repeat itself precisely because these 
ystems are individual and any problem posed by the environmental 
onditions has numerous solutions. The presence of this multitude 
f solutions implies that the state of a system undergoing evolution 
s unstable. Mutations cause a transition of the system to one of the 
‘elatively stable states. The instability determines the directional, 
rreversible character of evolution. 

Special emphasis should be placed on the nonuniformity of the 
‘volution of various structures of the organism. Regulatory and 
tructural genes undergo evolution at different rates. Enzyme sys- 
ems, etc., also undergo evolution at different rates. 

How did evolution progress in time? Geology and paleontology 
yrovide a wealth of information on this problem. 

The age of the Earth is 4.5 < 10° years. Chemical evolution began 
tbout 4 <x 10° years ago and continued for more than 2.5 x 10° 
rears—up to the formation of the present-day oxygen atmosphere. 
themical and biological evolution overlapped—the first prokaryotes 
ippeared 3.5 xX 10° years ago. The entire Precambrian period, which 
took 2.5 x 10° years and ended 1 x 10° years ago, was needed for 
he emergence of the first eukaryotes—single-celled algae. Multi- 
ellular organisms appeared for the first time only 0.5 x 10° years 
igo, land plants and vertebrates evolved 0.4 < 10° years ago, mam- 
nals about 0.2 x 10° years ago, the primates 0.05 x 10° years ago, 
ind Homo erectus about 0.02 xX 10° years ago. Thus, the greater 
art of the time was expended on the development of the first pri- 
nitive cells, following which the evolution progressed at a faster 
‘ate. 

How did such complex systems evolve and why were these systems 
ot destroyed by mutations? 

One of the key propositions of modern evolutionary theory is that 
mee created the genetic information is preserved and does not dis- 
.:ppear. It is exactly this factor that is responsible for the formation 
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of certain species of plants and animals. This factor is also responsible 
for recapitulation—the similarity between the embryos of different 
groups of vertebrates. 

The formation of complex organs is accounted for not by finalistic 
but by the directional character of evolution. It is dictated by the 
regularities of ontogenetic development which embodies a certain 
genotype realized in accord with environmental conditions. In this 
sense, convergent phenomena are characteristic, such as, for example, 
the formation of the eye similar to vertebrate eye of the cephalopod 
mollusks which represent a different branch of evolution. 

The physico-mathematical treatment of evolution encounters a 
number of difficulties. Darwin’s followers have no doubt in the fact 
that evolution is consonant with the laws of physics but it is point- 
less to state that evolution is reduced to physical laws. Biological 
evolution is the result of specific processes that take place in specific 
systems, the explanation for which becomes reasonable only at the 
level of complexity of these processes and systems. Nonetheless, it 
is fundamentally possible to construct physico-mathematical models 
of evolutionary processes. Mathematical population genetics is a 
well-developed branch of science. 

The main difficulty in the understanding of evolution is associated 
with the erroneous conception that the probabilities of sequential 
evolutionary events—the accumulation of mutations and variations 
of features—are independent of each other. In fact, we are dealing 
here with Markov complex chains—the probability of a given event 
depends on the realization of this or that event in the entire sequence 
of the preceding stages. A Markov simple chain is characterized by 
the so-called stochastic matrix, the members of which p;; express the 
probabilities that an event i occurred at the nth step if at the (n — 1)st 
step there occurred an event j. If the chain is complex, the stochastic 
matrix itself is continuously changed. The results of evolution exert 
an effect on the boundary conditions—the environmental conditions. 
A population that undergoes evolution is itself a part of biogeocenosis, 
in which the evolution of the given population and of the populations 
of other species occurs. The directionality of evolution is expressed by 
the fact that many members of the changing matrix are equal to zero. 

An important role in divergent evolution (adaptive radiation) 
is played by the mechanism based on the association with subse- 
quent mutations. Examples of association are symbiosis, diploidi- 
zation, the combination of DNA portions. It is only due to association 
that from a single small precursor with a limited length of DNA 
there could have evolved diverse species with a considerably longer 
DNA chain. 

Identical organisms, associates, are capable of giving rise, as a 
result of mutations, to different organisms with different proteins. 
The interaction of such different organisms will no longer be strongly 
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antagonistic (cf. page 584), since the sets of adaptors in them are the 
same. Association is essential at all levels of the biological struc- 
ture, at all stages of evolution. 

The physico-mathematical description of evolution must be based 
on the achievements of population genetics, on the general theory 
of nonlinear dynamical and stochastic systems. Each new stage of 
evolution is the result of the instability of the preceding state of the 
system. As has already been said (page 532), the emergence of a new 
species is similar to a phase transition. 

We shall return to biological evolution in Sec. 17.9. 


17.7. Ontogenesis 

In contrast to phylogenesis, the directionality of the development 
of an individual—ontogenesis—is immediately obvious. Ontogenesis 
includes three basic processes—cell differentiation, growth of cells, 
i.e., the increase of the number of cells and of the mass of the embryo, 
and morphogenesis, i.e., the development of certain organs and whole 
organisms. All these processes occur in accordance with the genetic 
program. 

Cell differentiation is based on molecular differentiation. All the 
somatic cells of a multicellular organism contain the same set of 
genes which is identical to the genome of the original zygote. This 
proposition has been proved by direct experiments. Gurdon has 
established that if the nucleus of an epithelial cell of a tadpole’s 
intestines is introduced into an egg of a frog, whose nucleus has been 
preliminarily destroyed by ultraviolet radiation, a normal individ- 
ual is developed from such an egg. In a specialized cell most of the 
genes are repressed; only certain proteins can be synthesized in it. 
When a specialized genome is transferred to a zygote, the genes 
become free from repression and normal development takes place. 
Chemical studies of cell differentiation have led to important results. 
Wessels and Rutter grew a culture of an embryonic tissue—the pan- 
creatic gland of a rat. This organ produces enzymes that participate 
in food digestion and hormones that regulate carbohydrate meta- 
bolism. The so-called exocrine cells secrete zymogenes—the pre- 
cursors of digestive enzymes, and the endocrine cells secrete hor- 
mones—glucagon and insulin. They studied the production of all 
these proteins at the various stages of embryonic development and 
arrived at a correlation between the protein content and the appear- 
ance of certain intracellular structures. The production of specialized 
proteins increases with time not monotonically but passes through 
three regulatory phases (Fig. 17.6). It has been found that the meso- 
dermal cells from other organs promote the differentiation of the 
pancreatic cells. This is presumably accounted for by the action of 
a certain factor, perhaps of a protein nature. 
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The synthesis of secretory proteins in the culture of the epithelial 
cells of the pancreas is specifically suppressed by actinomycin D, 
an antibiotic that blocks the synthesis of RNA. The sequential sup- 
pression of the synthesis of various proteins by actinomycin shows 
that the corresponding mRNA’s are synthesized at different times 
(cf. page 308). 

Perhaps, the developmental phases are determined by the coopera- 
tive action of numerous genes. Some groups of genes are activated 
and other groups are simultaneously inactivated; no successive 
activation of each of hundreds of individual genes takes place. It is 
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possible that the concerted cooperative transitions, which display 
the features of phase transitions (see below), are governed by changes 
in the chromosomal structure. 

Ontogenesis involves two types of processes. The first type includes 
regulatory intra- and intercellular interactions brought about by the 
phenomena of molecular signalling, molecular recognition. It is 
these phenomena that largely determine differentiation. The second 
type includes active movements of cells as a result of mechanochem- 
ical processes, which are also stimulated by molecular signalling. 
These movements determine morphogenesis. 

The cell differentiation itself, beginning with the appearance of 
the first two blastomers, is the result of intracellular interactions, 
regulation of the activity of genes by the substances of the cytoplasm 
and cell membrane. Differentiation at the early stage (the blastula) 
is determined by two factors of the very general character. The first 
of these is the nonuniform distribution of the substance of the cyto- 
plasm of the original zygote, and the second is the inhomogeneity 
of the medium inside the cellular sphere produced as a result of cell 
division. Either of them implies the presence of positional infor- 
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mation (Wolpert). Apart from these factors, ontogenesis is also 
determined by contact and humoral regulation. 

In the later stages of development, hormones begin to operate. 
A complicated mode of development—metamorphosis in insects— 
is controlled by ecdysone, a steroid hormone that regulates the growth 
of the organisms. 

One of the most important substances in ontogenesis is cyclic 
AMP (see page 44), which serves for molecular intra- and intercellular 
signalling. It has been shown that cAMP is capable of inducing differ- 
entiation and morphogenesis in undifferentiated cells in vitro. 

The role of cAMP in development is spectacularly demonstrated 
in the biology of myzomycetes. If there is more than enough food, these 
organisms exist as amoeba-like unicellular organisms. With a food 
deficiency myxoamoebas aggregate into a pseudoplasmodium, which 
develops as a multicellular organism containing tens of thousands of 
cells, until conversion to sporophores and spore multiplication occur. 
Aggregation and differentiation of myxomycetes occur as a result of 
the liberation of cyclic AMP and reception of these molecular signals. 

Ontogenesis is similar to phylogenesis—the evolutionary develop- 
ment—in the sense that a developing embryo is a sort of biocenosis 
(ecosystem), in which there coexist populations of specialized cells. 
The “embryonic biocenosis” itself is formed by these populations. 
The “embryonic biocenosis” is a dynamical system with a predeter- 
mined behaviour and not a static one. Dividing cells are not liable 
to random variations. The development of biocenosis is governed by 
external influences and by intra- and intercellular interactions, but 
it is programmed by a genotype. We shall discuss the informational 
aspects of ontogenesis in Sec. 17.9. 

The tasks of theoretical modelling of ontogenesis are still far 
from being solved. However, a number of promising works in this 
field deserve attention. 

It is natural that the first attempts at a model description of onto- 
genesis were purely biological. Gurvich has proposed a formal method 
of treatment of intercellular interactions involved in morphogenesis, 
imparting to each cell some “biological field’ which spreads beyond 
the cell and affects its neighbours. The fields of several cells are 
vectorially added and cause a movement of cells required for shape 
formation (1944). Waddington has introduced the concept of an 
epigenetic landscape. The development of an organism is likened to 
the movement across a rugged terrain in phase space. The route of 
movement is determined by the character of the terrain and by 
external factors. In ontogenesis there occurs a channelling of develop- 
ment—the morphogenetic potentials of cell populations are gradually 
limited. Waddington coined the term creode for a channelled develop- 
ment trajectory which attracts the nearest ones (1968). 

The physico-mathematical modelling of ontogenesis began with 
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the work of Turing mentioned earlier (page 524). In essence, this 
work solves a problem which is more complicated than required: 
the emergence of a space-time order in a quite homogeneous dissipa- 
tive system. Indeed, in the original zygote there may occur the 
polarization of the material; the zygote is not homogeneous at all 
(amphibians). This is determined by the process of generation of an 
egg cell (ovum) in an inhomogeneous organism. A cycle is realized: 
an inhomogeneous zygote is produced from an inhomogeneous orga- 
nism, and in turn an organism arises from a zygote. The theoretical 
modelling of ontogenesis on this basis has not yet been carried out. 

The basic propositions of present-day model theories based on the 
works of Turing are as follows: 

1. The position of the cell in a developing system is characterized 
by its radius-vector r;. 

2. The concentration gradients for functional substances are 
sufficiently small for the size of the cells to be neglected. Accordingly, 
r; may be regarded as being continuously changed. 

3. The state of the cell is defined by a set of concentrations of 
functional substances, 2; (rj). 

4. The equations for the material balance describe chemical kine- 
tics plus diffusion (see page 524): 


Ox; 02x; 
ae ed (x4, Bay sary tn) + Di F- (17.27) 


where n is, say, the number of various proteins, being of the order 
of 107. 

9. Different macroscopic structures correspond to different stable 
steady-state solutions. 

The geometric, topological problems may be considered separately 
from kinetics. Wolpert (1969) points out that in a biological system 
it is the path of development that is programmed but not the struc- 
ture of the emerging organism. The path of formation of a geometrical 
structure, which is axial in the simplest case, i.e., linear, may be 
formalized. The problem consists in explaining the regulatory pre- 
servation and restoration of the structure when it has been partially 
destroyed. For example, hydroids, which have an axial organization, 
restore their structure after removal of some part of it. Wolpert has 
proposed a topological “three-coloured flag model”, which offers a 
phenomenological qualitative explanation of the regulation of 
development based on the consideration of a linear series of interact- 
ing elements, each of which may be in several alternative states. 

Martinez (1972) has considered a model consisting of a linear 
array of cells. A cell in the array is capable of division only if the 
concentration of some substance in the cell reaches a threshold level. 
The rate of change of this concentration depends on the difference 
in the concentrations of the other two substances, “morphogenes”, 
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one of which may diffuse between the cells. The Martinez model, 
which is a modification of the Turing model, leads to a nonuniform 
distribution of matter among the cells and to their specific division. 

The theory of systems that have multiple steady states has been 
worked out by Lavenda (4972) in application to biosynthetic pro- 
cesses. 

We shall proceed from the operon model (see Sec. 8.8). The corre- 
sponding scheme is presented in Fig. 17.7. The regulator gene (RG) 
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Fig. 17.7. Schematic representation of biosynthetic processes. See the explana- 
tion in the text. 


responsible for the synthesis of repressor gene Y, which shuts down 
the operation of the operator gene (OG) and, hence, of the structural 
gene (SG). The structural gene produces mRNA R, which codes the 
synthesis of enzyme E, which transforms substrate S into metabolite 
X capable of being reversibly bound with Y. The repressor Y is an 
allosteric protein, which may have various conformations having 
different activities in binding with the operator gene. The branches 
a and b in Fig. 17.7 represent the active and inactive forms of Y. 
The transitions between them depend on the concentration of X. 
The rate of synthesis of mRNA is limited by the binding of X by the 
repressor Y. If Y has n active sites for X, the degree of saturation of 
the repressor with metabolite, i.e., the average number of X molecules 
bound by the Y molecule, is equal to 


n 
3 iL;Xt = an ( >) L:X*) 
i i=0 


td i=0 
>) Lx? 
i=0 
where L; = K;, where K; is the equilibrium constant of the 


i=0 
reaction 


YXj4+X > YXy 


Ly, = Ky =1 (cf. page 234). 
38-0279 
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The kinetic equation for the synthesis of mRNA has the form 


R=h,X —k,R (47.29) 
Moreover, 

E=k,R—khE (47.30) 

X = k,SE — keX (17.31) 


For the sake of simplicity, it is assumed that the loss of R, E, 
and X is determined by the monomolecular degradation. Equation 
(17.29) depends on the nonlinear relationship between Y and X, 
i.e., OD the cooperative properties of Y. The simplest scheme that 
gives a dynamic cooperative behaviour is obtained for a repressor 
with three binding sites (n = 3). In this case, the steady-state values 
2 X satisfy the equation 

— (By — La/Ls) Xp + (Ly — 2Lqy) L3*Xo — (yL, — 1) L;* =0 
(47.32) 


where 
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The dependence of the rate of synthesis and breakdown of mRNA 
on the concentration of X is given in Fig. 17.8. The necessary con- 
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dition for the existence of three steady states is 3K, > K, > 2K,. 
The difference between the constants K,, K,, and K, and, hence, 
between L,, L,, and Ls, implies cooperativity. Dividing Eq. (17.28) 
by X, we obtain the effective rate of synthesis and the rate of break- 
down of mRNA (Fig. 17.9). The values of X, and X, are determined 
by the condition 


X10 = (y—L,/3L5) F Uy — L,/3L5)? — (Ly — 2Lgy)/3Lg]¥? (17.33) 
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These are bifurcation points. The branches J and J// are stable, and 
the branch J/ is unstable. At the bifurcation points there are attained 
the threshold values of concentration, which, along with the critical 
concentration gradients, determine the regulation of the system. 

The transitions between the various steady states are similar to 
phase transitions (Sec. 15.5). The multiplicity of steady states can 
also be determined directly by the behaviour of enzymes having 
different conformational states and, hence, jumps in catalytic 
activity. 

The regulatory, triggering properties of a system having multiple 
steady states are demonstrated by a model of two criss-crossed operons 
(Jacob and Monod, 1964; Fig. 17.10). The metabolite X, produced 
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Fig. 17.10. The Jacob-Monod trigger Fig. 17.11. The steady-state curves 
circuit. for a trigger system. 


by the first operon is bound by the repressor Y, of the second operom 
and vice versa. The kinetic equations in the absence of cooperativity 
in repressors Y, and Y, have the form (A, B, and k; are constants) 
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Under steady-state conditions R, = R, = E, = E, =0 and 
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These two curves intersect only at one point and the system is not. 
a trigger system. However, if instead of Eqs. (17.34), we consider a 
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nonlinear, cooperative system of equations, which in the simplest 
case has the form 


R Ae heh, 


ae ae 
= Eee oee (17.36) 
E,=ksRy—kEy, EF, =hyR,— hy Ep 


trigger properties will appear. The steady-state curves are expressed 
by the formulas 


Ak. 1 Ak 4 
Ey= Take B+ E}? f= Taka B+ E; re) 


—heRy Ry= 


These curves are shown in Fig. 17.11. There are three points of inter- 
section, a, b, and c, of which a and ¢ are stable and 0 is unstable. 
Such a system can switch, with a slight change in the parameters, 
from state c, in which the protein E, is synthesized, to state a, in 
which the protein E, is synthesized. 

The modelling of ontogenesis is carried out exactly on the basis 
of the multiplicity of the steady states and trigger properties 
of systems that have dynamical instabilities. The consideration of 
such systems based on analogies with phase transitions is important 
and promising. 


17.8. Immunity 
Specific processes of cell differentiation are responsible for immu- 


nity, in particular, for the production of antibodies in the organisms 
of vertebrates. 

The structure and functions of antibodies, their interaction with 
antigens have been described in Sec. 4.8. Let us now consider the 
phenomenon of immunity. 

The immune system serves to protect animals from the harmful 
effects of microorganisms. However, this is not the whole story: 
immunity provides control of the genetic constancy of the cells of 
an organism. The main function of the immune system is to remove 
mutant (in particular, cancer) cells from the organism of an animal. 
In response to the introduction of an antigen the organism produces 
specific reactive cells (cell-mediated immune response) and specific 
antibodies (humoral immune response). Both reactive cells and 
antibodies circulate in the organism and interact specifically with 
antigens. As a result, the foreign material is inactivated, destroyed 
or phagocytized by the cells of the reticuloendothelial system. The 
present-day conceptions of immunity are based on the Burnet 
clonal-selection theory (4949). The organism produces lymphocytes, 
each of which is sensitive to a single antigen or to several related 
antigens. This gives rise to lymphocytes which are sensitive to 
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nearly all antigens, including those the organism has never encoun- 
tered in biological conditions. This is determined by the presence on 
the membranes of lymphocytes of specific receptors, which exhibit 
high affinity for a certain antigen. An antigen acts as a- selection factor 
which stimulates the development of clones of immunologically 
active cells from lymphocytes that have receptors to the given 
antigen. 

Antibodies are generated by mature plasmatic cells (z-cells). The 
antibody specificity coincides with the specificity of receptors that 
reside on the surface of cell precursors. Such are so-called B-cells 
which belong to the category of small lymphocytes and are produced 
as a result of the differentiation of stem blood cells. The role of 
receptors in B-cells is played by immunoglobins (10*-10° molecules 
per cell). B-cells become capable of division and proliferation after 
being transformed to so-called blast cells (y-cells) under the influence 
of antigens. Blast formation occurs with the lapse of the latent period 
which lasts for 24-48 hours. The y-cells undergo intensive prolife- 
ration. Part of y-cells give rise to clones of plasmatic z-cells. A clone 
of z-cells produces antibodies. Mature z-cells do not divide, their 
lifetime being several tens of hours. 

Apart from giving rise to a clone of z-cells, antigen-stimulated 
B-lymphocytes are capable of leading to the formation of immune- 
memory cells. The secondary immune response of the organism to the 
antigen that has earlier acted on it usually proves to be more rapid 
and stronger than the primary response. This phenomenon is called 
immune memory; it is associated with an increase in the number of 
cells capable of responding to a repeated antigenic stimulus, just 
as is the case with the original B-lymphocytes. 

The second population of lymphocytes capable of specific recogni- 
tion of genetically foreign materials is the so-called T-cells. Like 
B-cells, they are produced from stem cells, but during their develop- 
ment they pass through the thymus. Some T-cells are responsible 
for cell immune responses. In response to an antigenic stimulus they 
differentiate into specific reactive killer cells. The other two sub- 
populations of T-cells—helper cells and suppressor cells—play a 
regulatory role in the development of humoral immunity. There 
also exist thymus-independent antigens capable of inducing a normal 
response without the help of T-cells. 

Figure 17.12 is a schematic representation of the events described. 

In immunity phenomena we encounter a number of fundamental 
problems of biology and biophysics. These are the problems of cell 
differentiation and molecular and cellular recognition. The immunity 
phenomena have been studied relatively well. 

We shall dwell here on the model theory of humoral immunity 
developed in the works of Dibrov, Livshits, and Volkenshtein 
(1976-1978). This theory takes into account the delay of the immune 
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Fig. 17.12. Schematic representation of events caused by the injection of an 
antigen. 


NE oii 


Antibodies 


Fig. 17.13. Diagram depicting the proliferation of AT-producing cells. The 
wavy lines denote proliferation. 


17.8. Immunity 599 


response, i.e., the production of antibodies, with respect to the 
moment of stimulation. The development of z-cells from B-lympho- 
cytes takes 3-4 days. For memory cells to be formed a longer time 
period is needed. The scheme of development of a clone of antibody- 
producing cells is shown in Fig. 17.43. 

A mathematical analysis shows that the delay time may be decisive 
for the character of the immune response. 

The rate of antibody production is proportional to the number of 
plasmatic cells present, which is determined by the number of 
B-lymphocytes stimulated earlier by antigens, at the moment of 
time separated from the current time by the delay time ¢,. The pro- 
duction of memory cells is analogously determined by the number 
of acts of stimulation of B-lymphocytes at the moment of time 
separated from the current time by the delay time ¢,,. 

The process is described by a system of differential equations with 
a delaying argument: 


t=J—T'z (t) — Pz (t) g (t) + Amz (t —tm) g(t —t») 9 (t —tm) 
g = Kg (t)—Qh (t) g(t) (17.38) 
h = A,x (t—t,) g (t—t,) 0 (t—t,) — Rh (t) g (t)— Sh (t) 


Here x, g, and h are, respectively, the numbers of B-lymphocytes, 
antigens (say, multiplying microorganisms), and antibodies; 


0 if t<<0 
om={, if 10 


The quantity J is the rate of increase of population of B-lymphocytes 
as a result of the differentiation of stem cells; t is the average life- 
time of B-lymphocytes. The second and third terms on the right- 


hand side of the equation for x describe, respectively, the decrease of 
the number of B-cells as a result of the contact with antigen and its 
increase due to the formation of memory cells, which are considered 
to be identical with the original B-lymphocyte; K is the rate constant 
for antigen reproduction in the organism; the terms with Q and R 
describe, respectively, the decrease of the number of antigens and 
antibodies as a result of their interaction. The term incorporating 
A, describes antigen production; S represents the rate of degradation 
of antigens. The parameters P, Am, A;, tm, and ¢, may depend on 
the dynamics of populations of regulatory T-cells. This dependence 
may be ignored in dealing with thymus-independent antibodies as 
well as in the case of the rapid attainment of a steady-state number 
of T-cells. These parameters are assumed to be constant. 
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For a detailed study of immune responses it is expedient to sim- 
plify the system (17.38). Antibodies display high affinity for anti- 
gens. Therefore, as far as the number of antigens is not too small, 
the antibodies produced react rapidly with antigens. Indeed, appre- 
ciable amounts of antibodies are observed only upon elimination 
of antigens. This allows us to approximate the system (17.38) by 
the following equations: 


t= J—+t~!z (t)— Px (t) g(t) + Am (t—tm) & (t—tm) 9 (t—tm) 


‘3 Q (17.39) 
g=Keg (t)— A, $ 2 (t—t,) ¢ (¢—t,) 0 ¢—t) 

These equations are similar to the Volterra equations for the prey- 
predator system (see Sec. 15.3) if A,, >> P. The difference is that 
here account is taken of the delay in the nonlinear terms. 

The inspection of Eqs. (17.39) shows that the character of steady- 
state points on the phase patterns depends significantly on the delay. 
For rapidly multiplying antigens to be efficiently suppressed the 
time f,, must be neither too small nor too large. One might expect 
that the increase of t,, must always lead to an increase in the time 
needed for the elimination of antigens. In actual fact, however, the 
increase of instability with increasing delay may lead to a reduction 
of the reaction time because of a decrease in the number of rounds 
about the steady-state point. 

We shall now take into account the final rate of antibody-antigen 
interaction, considering that the number of B-lymphocytes changes 
only slightly in the course of the immune response, i.e., x (t) 
~ x (0). Equations (17.38) now become 


g = Kg (t) — Qhit)g (2) 


h = Ag (t — t,) 8 (¢ — t,) — Rg (t) h (t) — Sh (t) 
where A = A,z (0). If KR/AQ <1, the system has two steady-state 
points (0, 0) and hy = K/Q, gy = (S/R) (KR/AQ)/(1 — KR/AQ). 
The point (0, 0) is unstable, and the character of the second point 
depends on the parameters and, in particular, on the delay time t,. 
Figure 17.14 shows the phase trajectories of the system (17.40) in 
terms of the dimensionless variables g/g), and h/h, for KR/AQ = 
= 0.5, S/R = 3 and different values of the delay ¢,K. The steady- 
state point in Fig. 17.14a—a stable focus—corresponds to such a 
course of the disease when, beginning from a certain moment of 
time, the disease stops progressing, and the amount of antigen in 
the organism is constant—the organism becomes a carrier of infec- 
tion. The low value of g, corresponds to recovery. Figure 17.14 
(b, c, d) shows limit cycles corresponding to the periodic progress 
of the disease. As the lag increases the amplitude of oscillations 


(17.40) 
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increases and the minimal amount of antigen is reduced. The time 
fraction during which the amount of antigen is close to zero increases. 
The case depicted in Fig. 17.14e corresponds to instability and an 
unlimited increase of antigens, i.e., to the death of the organism. 

If the final rate of the antigen-antibody interaction is taken into 
account within the framework of the deterministic equations (17.38) 
through (17.40), the complete elimination of multiplying antigens 
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Fig. 17.14. The phase trajectories of the system (17.40) at lag values of trA 
equal to 1 (a), 1.25 (5), 1.75 (c) and 3 (4). 


is impossible. But at small antigen concentrations one has to con- 
sider a discrete stochastic process (see Sec. 15.6) and antigens can be- 
completely destroyed. 

The theory allows one to substantiate the tactics of curing an 
infectious disease. It is expedient to inject an immune serum (anti- 
serum), i.e., specific antigens at the moment of the maximum amount 
of innate antigens. The strongest effect in the use of antibiotics is. 
possible if they are injected at the moment when the amount of anti- 
gens is at a maximum. If antibiotics and antigens are introduced too- 
early, the innate immunity response of the organism is reduced, which 
increases the probability of a relapse. In the cases of weak chronic: 
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infections one of the curing procedures is to deliberately bring the 
disease up to an acute form, which makes it possible to activate the 
immune response of the organism and, thereby, to increase the 
probability of the complete elimination of antigens. 

The problems of the origin of immunity are developmental prob- 
lems. We may expect that the principles underlying the treatment 
of immunity, such as taking account of the delay and also the con- 
sideration of phase transitions in nonequilibrium systems with 
multiple steady states, will contribute to the modelling of onto- 
genesis, carcinogenesis, and biological evolution. 


17.9. Biological Evolution and Information Theory 

As pointed out earlier, biological development is associated with 
the decrease of the entropy of a developing system and, hence, with 
the increase of information (see pages 575 and 587). The increase of 
the amount of information occurs either through isolating the infor- 
mation from the noise that masks it or creating new information as 
a result of the memorizing of an accidental choice (Quastler). For 
such a choice to be possible, the system must have multiple steady 
States. 

The phase space of the system contains stable and unstable regions. 
‘The latter are crossed by separatrices (see page 510). To the stable 
regions there corresponds information and to the unstable region 
the entropy. The conversion transformation of part of entropy to 
information in a thermodynamic process, say, during the crystalli- 
zation of a liquid, implies the entry of the system into the region of 
phase space which is the only stable one under given conditions. 
Here new information does not appear—the formation of a crystal is 
uniquely programmed by the structure of its molecules. 

In a thermodynamic process the information increases but it is 
not new but a priori known information hidden earlier by the “entropy 
noise”. A system that creates information, i.e., a system with mul- 
tiple steady states, and picks out one state from several states, is 
not a thermodynamic system; it is a dissipative system. The appear- 
ance of new information during evolution is connected, in particular, 
with the “memorizing” of randomly chosen neutral mutations and 
genetic recombinations, with the formation of associates (page 582). 
New information is created in each crossing (interbreeding) process, 
during the emergence of a new individual. Systems that create infor- 
mation are the Universe as a whole, the Earth, the biosphere, and 
the man in his creative activity. Speciation, which occurs according 
to Darwin by way of divergent evolution, implies the generation 
of new information. 

Schmalhausen has carried out an important work on the translation 
of the theory of evolution into the language of information theory. 
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Biocenosis receives information about the state of populations by 
means of certain feedback mechanisms and, hence, “incorporates a 
specific mechanism of transformation of this information to control 
signals and means of transmission of these signals to the population”. 
The corresponding scheme is shown in Fig. 17.15. The inherited in- 
formation is passed on from generation to generation only after its 
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Fig. 17.15. Schematic representation of the regulating mechanism of evolution 
according to Schmalhausen. 


transformation in the biogeocenosis, a part of which is the popula- 
tion. The information about changes in the population is transferred 
by way of multiplication of species, whose progeny enters into the 
same population. 

Schmalhausen has, however, pointed out that not the amount of 
information contained in the chromosome, cell, species, population, 
is essential for evolution, but the quality or value of information. 
“In all cases when information is compared and selected, this is 
accomplished on the basis of its quality evaluation... In biology the 
qualitative evaluation of information is of primary importance”. 

We shall make an attempt to characterize the value (quality, sense) 
of information. 

The value of information in a message is determined only by the 
results of the receipt of this message by a certain system. The univer- 
sal determination of the value of information (similar to the deter- 
mination of its amount; page 314) is impossible—what is valuable 
for one receptor system may be of no value for another. Thus, the 
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value of information is directly associated with its reception. The 
receipt of information is a nonequilibrium and irreversible process 
of transition of the receptor system from an unstable state to one 
of possible stable states. The receipt of information thus implies the 
creation of new information in the receptor system. Such systems 
differ in reception levels. At a given level only nonredundant in- 
formation is of value. Redundant information is repetitive infor- 
mation, the transmission of which lowers the probability of suppres- 
sing information by noise. Suppose we have a text written in Russian. 
If we know only that the Russian alphabet contains 32 letters, the 
amount of information per letter will be equal to 


I, = log, 32 = 5 bits 
At the next level of reception we know the probabilities of appearance 


of letters, and the amount of information per letter is expressed by 
the Shannon formula (page 315) 


32 
I,= — PAT loge pi 

The probabilities p; are normalized to unity. We have J, < J, and 
at the second level of reception the message has a redundancy equal to 

R, a 1 — I,/I, 
At the subsequent reception levels we take into account double, 
triple, etc., letter correlations. The redundancy 

R,=1-7,/1, (17.41) 


increases with the reception level. According to Shannon, for the 
written English language we have 


a? aa an ne ne 2 ie I, 
4.76 4.03 3.32 3.40... @w2.14  ... 21.9 bits 
and the redundancy 
Ry R, Rs R, eee Rg eee Rg 


0 0.45 0.830 0.385 ... 20.56 ... 20.60 


At the ninth level 60 percent of letters contained in the message are 
redundant, the remaining 40 percent being sufficient for the receipt 
of the message. The increase of redundancy implies the increase of 
the indispensability of nonredundant letters. 

The statement made by Schrodinger that the organism is an aperi- 
odic crystal is not only the assertion of the condensed state and aperi- 
odicity. An aperiodic system contains a much greater amount of 
valuable nonredundant information than an equivalent periodic 
system. 
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Thus, the information value is determined by the nonequilibrium 
nature and instability of the receptor system and by the levels of 
irreversible reception, only the nonredundant information being 
valuable. We may define the quantitative value of information as 
the increase of the probability of attainment of a certain objective 
as a result of the message being obtained. 

The value of information may be defined tentatively as the “degree 
of nonredundancy”, i.e., the irreplaceability of the message. Suppose 
that a message contains JN, “letters” and the amount of information 
is NV,J,. At the next level the information received is reduced to 
Nil, (1, <1). We replace the decrease of information per letter 
by the decrease in the number of letters in the message to N. < Nj. 
This is equivalent to the neglect of the redundant letters. The gross 
information is assumed to be constant. Then 


The information value is assumed to be accordingly increased. Then 
the ratios of the values at the successive steps of reception are equal to 
De 5 Ne ee: Ah. ee 
TR, ' TR, sae eae 1—Rn or dish... ip 


In the case of the English language (page 604) these relative values 
are equal to 


Consider the reception of genetic information coded by the nucleo- 
tide sequence in DNA. At the level of reception of this text the 
amount of information in the DNA chain containing n nucleotides 
is equal to 


I, = log, 4" = 2n bits 
This information is valuable only for the translation process which 


takes place in the nonequilibrium system of the cell. The amount of 
information in a synthesized protein chain is given by 


I, = log, 20% = 1.44n bits 
and the redundancy caused by the degeneracy of the code is 
R,=1—TI,/I, = 0.28 
At the next level we take into account the replacements of some 
amino acids by related ones with the properties of the protein re- 


maining unchanged. If the number of indispensable amino acids is 
N < 20, then 


I, = log, N"*® <I, 
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The redundancy at this level is given by 
Rs o 1 —I,/I,>R, 


At the fourth level we take into account the possibility of replace- 
ment of proteins, say, proteases. If two species of DNA chains con- 
taining n, and n, units are introduced, proteins with n,/3 and n,/3 
units are synthesized. Let n, = 0.75n, and N = 16 for both pro- 
teins. Then 


I, = 2n, + 2n, = 4.67n, bits 

I, = 1.44n, + 1.44n, = 3.36n, bits 

I; = 1.33n, + 1.33n, = 3.10n, bits 
and, if the proteins are interchangeable, 

I, = 1.33n, bits 


The values of the redundancies R,, Rs, R,, and R, are equal to 
0.72, 0.34, 0.28, and 0. The relative values are as follows: 3.56, 
1.50, 1.39, and 1.00. 

The value of an element of informational message may be defined 
as the degree of its irreplaceability. 

Let us now determine the values of codons according to the degree 
of irreplaceability of the amino acids coded by them. Using experi- 
mental data, Bachinsky (1976) has established the values of the 
functional similarity of amino-acid residues (AAFS) which character- 
ize their interchangeability. This functional similarity is defined as 


2N 14 
AAFS = NEN) 
where NV; are the total number of positions in isofunctional proteins 
at which some representatives have amino acid i and the others 
have amino acid j; NV; and Nj express the frequency of occurrence of 
the residues. Table 17.2 presents the values of N;, N;; (in the left 
bottom half) and AAFS (in the right upper half of the table). 

The conditional values of codons are determined by considering 
the results of their point mutations. Let us illustrate this by an 
example. We have the codon AAA (Lys). The mutations and the 
corresponding values of AAFS are as follows: 


CAA Lys-Gly 148 ACA Lys-Thr 19 AAC Lys-Asn 17 
GAA Lys-Glu 17 AGA Lys-Arg 25 AAG Lys-Lys 100 
UAA Lys-Term 4 AUA Lys-Ile 5 AAU Lys-Asn 17 


To the replacement by an identical residue (silent mutation) we 
arbitrarily assign the value of AAFS = 100. We sum up the given 
values and divide the sum by 300. We obtain the tentative value of 
q, which is the larger, the greater is the interchangeability of the 
residues. For AAA, g = 0.74. The conditional value, which charac- 
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terizes the degree of irreplaceability of the residue, is the greater, 
the smaller is the value of g. We assume the information value to be 
equal to 


= (q¢ + 0.5) 


and for the example given v = 0.81. Table 17.3 gives the values of 
v obtained in this way. These values have the meaning of tentative 
averaged characteristics expressing the sequence of the values of the 
codons. 


Table 17.3. Values of Codons xyz 


y 
A Cc G U z 
x 


Lys 0.81 0.55 Arg 0.70 Tle 0.64 A 

i Asn 0.79 7. J 0.55 Ser 0.80 Ile 0.65 C 
Lys 0.84 0.57 Arg 0.70 Met 1.25 G 
Asn 0.79 0.55 Ser 0.80 Ile 0.65 U 
Gin 0.86 0.60 0.54 0.49 A 
is 0.94 0.64 0.64 0.57 

c Gin 0.86 PF 4 9.60 ATS 4) 0.51 Le 4 0:50 G 
His 0.94 0.64 0.64 0.57 U 
Glu 0.76 0.52 0.51 0.53 A 
Asp "17 0.52 "55 ; 

G Glu 0.76 “l4@ 9 9.52 GlY 4 0157 Val 9 0:55 CG 
Asp 0.77 0.52 0.55 0.54 U 
Term 0.56 Term Leu 0.68 A 

j Tyr 0.98 g, J 0.56 Cys 1.42 Phe 0.86 C 
Term . 0.54 Trp 1.82 Leu 0.69 G 
Tyr 0.98 0.56 Cys 14.12 Phe 0.86 U 


We see that the values of the jointly degenerate codons may differ 


appreciably, since the results of their mutations are different. This 
shows that silent mutations are not unimportant for evolution. 
Averaging v over all jointly degenerate codons, we find the tentative 
values of amino-acid residues in proteins which characterize their 
degree of irreplaceability (Table 17.4). 

The most valuable and, hence, irreplaceable is the residue Trp. 
As we have seen, this is also valid for terminal mutations (page 305). 

Biological development, both ontogenesis and phylogenesis, pro- 
gresses in the direction of increasing complexity of the biological 
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Table 17.4. Values of Amino-Acid Residues in Proteins 


v v v 

——————— ee 
4. Trp 1.82 8. Lys 0.81 15. Pro 0.60 

2. Met 1.25 9. Asn 0.79 16. Leu 0.58 

3. Cys 1.412 10. Asp 0.77 17. Gly 0.56 

4. Tyr 0.98 14. Glu 0.76 18. Thr 0.55 

5. His 0.94 12. Ile 0.65 19. Val 0.54 

6. Gin 0.86 13. Ser 0.64 20. Ala 0.52 

7. Phe 0.86 14. Arg 0.61 


system. The increase of complexity implies the increase of the 
number of different elements of the system and of relationships be- 
tween them. The irreplaceability of the elements of the system is 
increased and, hence, the information value is also increased (see 
the next section). 

The increase of the information value in biological development 
is evidenced by a number of facts. Recapitulation means the increase 
of the irreplaceability of information in embryogenesis. At the 
early stages of ontogenesis this manifests itself very distinctly. 
A certain region of the blastula or early gastrula of a newt is re- 
sponsible for the formation of the eye. This region is the presumptive 
eye. If it is transplanted into the embryo which is in its later stage 
of development, the fate of the presumptive eye will depend on the 
transplantation site—it can form a brain or an eye on the head of 
the animal and, in the other regions, those organs and tissues that 
are characteristic of these regions in normal development. At the 
neurula stage the presumptive eye becomes the determined eye— 
the corresponding region forms an eye upon transplantation into any 
locus of the embryo. Totipotency is replaced by unipotency in the 
course of development, i.e., the irreplaceability is increased. 
Similar processes occur during phylogenesis and speciation. 

The irreplaceability of the element of the system implies the de- 
crease of its adaptability when an irreplaceable element is put out 
of operation, the organism may perish, since the function of this 
elements cannot be performed by another element. However, the 
increase of the complexity of the system due to the increase of the 
irreplaceability of its elements makes the organism more autonomic 
and, hence, increases its adaptability. 

One might think that in biological development the information 
value must increase, i.e., the irreplaceability of the elements of the 
message even at the simplest molecular level of the structure must 
increase. Let us make use of the values of v given in Table 17.4 
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and calculate the differences of the overall values of cytochromes c 
of a number of organisms (Table 17.5). 


Table 17.5. Differences in the Total Values of Cytochromes c 


Man 0.00 Whale —0.88 Penguin 0.00 
Rhesus monkey —0.10 Kangaroo —0.88 Hen —0.05 
Donkey —0.34 Dog —1.06 Duck —0.30 
Horse —0.43 Elephant —1.22 Emu —0.30 
Pig —0.58 Bat —1.25 Dove —0.58 
Rabbit —0.66 Tortoise —0.80 


On the basis of these data we may infer that the value of the 
protein chain increases during phylogenesis. Of course, we must not 
think that the composition of cytochrome c can reflect the greater 
perfection of the human brain as compared with the brain of an 
animal. The greater value means that the man has travelled a longer 
path of evolution. 

During the course of biological development not only the infor- 
mation value present in the organism increases but also the ability 
of the biological system to select valuable information. This ability 
reaches a higher level in higher animals, whose sense organs are 
designed for such selection. A frog responds only to a moving insect; 
a bat, using ultrasound location, receives only reflected, but not 
direct, signals. The selection of valuable information underlies the 
entire creative activity of man. 

As we have seen (page 318), in order to obtain one bit of infor- 
mation, an energy no less than k71In2 must be used. This value is 
the cost of one bit of any information—both valuable information 
and valueless information, which is not indispensable. The selection 
of valuable information does not require additional energy expen- 
diture. For instance, the channels in the membrane of a receptor cell, 
through which molecules or ions of certain shape and size can pass, 
will suffice. The energy associated with the formation of the specializ- 
ed channels or receptor sites of membranes has been consumed at the 
earlier, preceding stages of biological evolution. 

Thus, a living system is capable of selecting valuable information, 
without any special payment. In other words, the living system is 
developing, approaching a state in which it “pays” k7 In 2 for one 
bit of valuable information and does “pay” nothing for nonperceivable 
valueless information. 

The conceptions expounded here require further development and 
fill-in of details. One might expect that the amino-acid residues in 
a protein globule differ in irreplaceability—value. In the region of 
an active site the residues are more indispensable. Outside the 
active site the replaceability is high and the value is small. According- 
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ly, in this region there occurs a random drift of replacements, rapid 
evolution based on neutral mutations or mutations that slightly 
reduce adaptation (the Kimura neutralistic theory; see page 124). 
The informational concepts will undoubtedly prove useful for the 
further development of the theory of evolution. The creation of 
new valuable information is possible only in the presence of a pool 
of information of low value. 


17.10. Complexity and Evolution 

Having considered the informational aspects of biological develop- 
ment, we shall now, in conclusion turn to the concept of complexity 
intimately connected with information theory. It is a commonplace 
to speak of the increase of the complexity of biological systems during 
the course of evolution. Whatever the definition of complexity, it is 
obvious that a multicellular organism is more complex than a unicel- 
lular organism, that man is more complex than a blue-green algae. 
Science, however, requires rigorous definitions. 

Ordinarily, while speaking of complexity, we imply the number of 
components that make up a system. Such a definition appears, for 
example, in the classic work of von Neumann devoted to the theory 
of self-reproducing automata. John von Neumann pointed out that 
with a high complexity of an object its description may be more 
complex than the object itself. In complex systems of formal logic 
it is more difficult to describe what the object can perform than to 
produce the object itself. Systems of high complexity possess, in 
principle, the ability to produce something more complex than they 
are themselves. 

A strict definition of complexity that allows one to describe this 
concept quantitatively is given in the works of Kolmogorov, Chaitin, 
and Martin-Lof. A complex object can be coded by a certain message, 
say, by a sequence of zeros and units. The complexity is defined as 
the number of such binary digits containing all the information about 
the object, sufficient for its reproduction (decoding). In other words, 
complexity is the length of the most concise program expressed in 
bits which gives rise to a sequence of binary digits that describes the 
ebject. 

Consider some examples. Suppose that we have two messages: 


0101010101010101 
0100100011011010 


Which of these is more complex? Of course, the second one. The 
program generating the first message states (01)® or “write 01 eight 
times”. The second message has no such abbreviated program; the 
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program states: “write 0100100011011010”. The program has the 
same length as the message itself. 

Let us take another example. The number 3.1416, etc., is reported. 
The concise program is simply the letter x which expresses the ratio 
of the length of a circle to its diameter. 

It is remarkable that the complexity thus defined is equivalent 
to randomness—a random sequence of elements, say, binary digits, 
is characterized by complexity coinciding approximately with the 
length of this sequence expressed in bits. Any minimal program is 
of necessity random, devoid of regularity. Let us consider the pro- 
gram P, which is minimal for the generation of a number of binary 
units, a message M. If we assume that P is not random, then by 
definition there must exist a shorter program P’ which generates the 
program P. The message M can be produced by means of the following 
algorithm: “Calculate P from P’, then calculate M from P.” In other 
words, in this case the program P is not minimal. 

The concept of the minimal program introduced in the consideration 
of the concepts of complexity and randomness is, however, beset 
with serious difficulties. It can be easily shown that a certain sequence 
of binary digits is not random—it will suffice to find a program that 
generates this sequence and is shorter than the sequence itself. But 
can we state that this program is really minimal? And could we 
prove, on the other hand, that the given sequence is random, complex, 
i.e., that no shorter program exists for its reproduction? 

Such statements are impossible because of the Gédel theorem of 
incompleteness. Modern mathematics deals with so-called formal 
systems. Gilbert has introduced, as such a system, a language com- 
posed of a finite alphabet of symbols, having a grammar, with the 
aid of which there are formulated meaningful statements, a finite 
number of axioms and rules for the derivation of theorems from the 
axioms and other theorems. In 19341 Gédel showed that any formal 
system of this kind cannot include all true theorems and is therefore 
incomplete. Gédel’s proof is associated with the paradox of the 
Cretan Epimenides: “AJl] Cretans are liars”. Or, expressed in a different 
form: “This statement is false” is a true statement only if it is false. 
Gédel replaced the concept of truth by the concept of provability: 
“This statement cannot be proved.” Thus, either the falsity is prov- 
able, which is forbidden, or a true statement cannot be proved and, 
hence, the formal system is incomplete. In a formal system it cannot 
be proved that a certain sequence of binary digits has a complexity 
larger than the number of bits in the program used to find that 
sequence. Consequently, finding a minimal program is always con- 
ditional to some extent and the concept of complexity is relative. 

In connection with what has been said above, it should be noted 
that the task of science is to find a minimal program that would 
generate (explain) the complexity of a set of facts under study. This 
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is what constitutes the meaning of the “Okkam razor” in science— 
the essences should not be multiplied without necessity. For example, 
Newton’s law of gravity programs the falling of an apple and the 
motion of planets. But the Gédel theorem does not allow one to prove 
the minimum, i.e., the maximum economy, of the program logically. 
It is exactly for this reason that logical reasonings are insufficient 
for the development of science. The scientific cognition requires 
intuition. As Mandelshtam has said, the Schrédinger equation was 
guessed rather than derived. 

Let us return to biology. The complexity, the definition of which 
we have adopted, increases, as a rule, during evolution, during 
phylogenesis, but there are opposite situations. For example, the 
evolutionary transition to a parasitic way of life means a simpli- 
fication rather than a complication. 

As we have seen, biological systems perceive, pick out from the 
noise, create, reproduce and memorize information, primarily genetic 
information. These processes are all nonequilibrium and irreversible. 
The picked-out, created or perceived information is not lost, as a 
rule, in the subsequent biological development—during phylogenesis 
and ontogenesis. 

The contemporary synthetic theory of evolution combines Darwin’s 
theory, in which the key role is played by natural selection, and 
genetics, including its latest achievements based on molecular 
biology. Timofeev-Ressovsky has pointed out that in: theoretical 
biology one feels the need for a third principle in addition to the 
two principles that have been established—natural selection and 
molecular reduplication of genes. As we have seen, this is the covari- 
ant replication, i.e., a process in which the mutational changes of 
DNA are fixed and stored. 

The sought-for third principle is probably required for a clear-cut 
formulation of the factors that determine the directionality, irre- 
versibility and, hence, the rate of evolution. The evolutionary com- 
plexity has been proposed as such a principle—the direction of 
evolution is determined by the direction in which complexity in- 
creases and not fitness, adaptation, and adaptability. In biological 
literature there is a statement that this principle is independent of 
natural selection. In actual fact, this is probably not so—complexity 
is determined by the natural selection of genotypes, i.e., by adapta- 
tions to newer and newer ecological niches. A rapid rise in complexity 
is provided in evolution by sexual reproduction, which leads to 
recombinations of genomes, to the generation of new information. 
The choice of a partner for reproduction is largely random if we 
digress from sexual selection; the emergence of progeny means the 
memorizing of this choice. The highest complexity of a biological 
object arises at the level of individuals. The evolutionary complexity 
(and also simplification; see below) resulting from the adaptation 
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to the various ecological niches means individualization. It is 
exactly in this sense that speciation implies a decrease in symmetry. 
As has been pointed out (see Sec. 15.6), there is a similarity between 
speciation and phase transitions. 

The most complex objects in nature are individual living organisms, 
and among them man. Each human being is unique and cannot be 
coded by an abbreviated concise program. In this sense, “no sub- 
stitutes exist”. Obviously, what has been said also refers to the 
creative works of man, say, works of literature and art. It is impos- 
sible to work out a minimum program for “War and Peace”’—no 
algorithm can be worked out for the simplification of a true work of 
fiction without loss of its essence. 

Each organism, however, is not only an individual. Leo Tolstoy 
is not only a great writer, he is also a Homo sapiens. In other words, 
he is a member of the animal kingdom, of the phylum Chordata, the 
vertebrate subphylum, of the class of mammals, of the order pri- 
mates, of the superfamily of anthropoids, of the family Hominidae, 
of the Homo genus, and of the species Homo sapiens. Within each 
of the subdivisions all its members are equivalent and can be de- 
scribed by a single minimal program. Here “there are substitutes”, 
and as a member of the species Homo sapiens each human being, irre- 
spective of his skin colour and other inherited characters, is equiva- 
lent to any other human being. 

It is obvious that the minimal program is lengthened and the 
complexity increases in the hierarchy of living creatures from king- 
dom to species to individual. The discovery of this actually existing 
hierarchy in nature begun by Linnaeus is one of the stupendous events 
in the history of science. As has been demonstrated by the present-day 
evolutionary theory, the emergence of this hierarchy, which ter- 
minates in speciation, is determined by natural selection and laws of 
genetics. 

Science, which always minimizes the program, proceeds from a 
species and further on. Anthropology classifies races and nationalities 
of humans; physiology and psychology classify the manifestations of 
genotypes—the structure of the body and temperaments (choleric, 
sanguine, melancholic, phlegmatic). 

We see that the concept of complexity is relative—it depends on 
the level of consideration, the level of reception. At the kingdom level 
a member of Homo sapiens is equivalent to a scorpion; at the phylum 
level to a lancelet, at the class level to a didelphus, at the order level 
to a lemur, at the superfamily level to a chimpanzee, at the family 
level to an Australopithecus, at the genus level to a Homo erectus. 
The complexity increases with increasing similarity between the 
animals concerned. 

For the biologist the bovine brain is a very complex system, 
requiring hundreds and thousands of bits for its description, but for 
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the butcher the description of the same brain requires no more than 
five bits, since the brain is only one of the nearly thirty various parts 
of the bull’s body used for food. 

We see that the complexity concept is similar to the concept of the 
information value considered in the preceding section. We have 
defined the information value as the irreplaceability, nonredundancy 
at a given level of consideration, the level of reception. The definition 
of complexity given here is perhaps similar to that of the information 
valuc—what cannot be substituted by a shorter program is indispens- 
able, nonredundant. There are, however, differences between the 
two concepts. 

First, the complexity concept refers to an object, to a sequence of 
binary digits as a whole. In contrast, one may speak of the valuabili- 
ty—irreplaceability, nonredundancy—of an individual element of 
such a sequence. We have already given the tentative determinations 
of the value of codons and amino-acid residues. 

Second, the complexity concept characterizes only the structure 
of an object. On the contrary the value, i.e., irreplaceability, reflects 
simultaneously the functionality of the object and of its individual 
elements. 

Thus, the concept of the information value introduced in the 
preceding section is broader than the complexity concept and, as a 
matter of fact, includes complexity. Using the notion of the value, 
one can overcome the difficulty associated with the possible occur- 
rence of simplification rather than of complication during evolution. 
Such facts contradict the increase of complexity in biological develop- 
ment. One may ask: What happens in these situations with the 
information value? 

Let us consider, as an example, the evolutionary simplification of 
the worm Bonellia viridis. The female of this animal has a macroscopic 
size; it is a complex multicellular organism with diverse functions. 
The male, on the contrary, is microscopic, lives in the sexual ducts 
of the female and is capable of fertilization only. Obviously, the 
minimal program and complexity of the male are sharply reduced 
as compared to those of the female. But what does it mean? 

Evidently, the genome of the male does not strongly differ from 
that of the female. However, a considerable part of the genes of the 
male are blocked and do not function. The shortened program char- 
acterizes not the reduction in size of the genome but the restriction 
on its functionality as a result of the blocking indicated. 

The program may be reduced by two factors. First, the amount of 
functional information may be reduced, i.e., the operating rather 
than the blocked genome may be reduced. Second, the text of this 
functional message may change and become more ordered, i.e., 
the functional information may become partially redundant. In this 
case the text is simplified and becomes less random. In the first case, 
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the value of each element of the message, of each letter, remains to 
be high and may even increase and in the second, both the complexity 
and the value are reduced. There is every reason to believe that in 
the evolutionary simplification, which is determined by the specific 
adaptation of the parasite or male of the worm Bonellia it is the 
first case that is realized—the complexity decreases, and the specific 
value of functional genetic information is not reduced and may even 
increase. A high value implies high adaptation (and adaptability), 
the irreplaceability of both structure and function. 

We come to the conclusion that the third fundamental principle 
that may be introduced into theoretical biology is not the principle 
of the increase of complexity but the principle of the increase of the 
value, i.e., the irreplaceability of information both during phylo- 
genetic and ontogenetic biological development. This principle is not 
independent of natural selection and covariant replication (i.e., of 
the genotype memory). However, it is exactly the formulation of this 
principle that stresses the irreversibility, i.e., the directionality of 
biological evolution. 

These reasonings are, however, of the very general character. To 
be more specific about the principle of the increase of the value (or 
complexity), it is necessary to study the structure and functionality 
of genomes. Work in this direction has only begun. 

It should be emphasized that the conventional concept of gradual 
evolutionary changes is insufficient because of the low probability of 
point mutations. If one proceeds from this concept, it will be very 
difficult to account for the emergence of the present-day enormous 
diversity of species and of the very highly complicated structure of 
their organs, say, the vertebrate eye, during the course of evolution. 

Contemporary molecular genetics shows that a genome is a system 
far from being constant (Khesin). There exist factors that are trans- 
ferred along the genome—plasmids, certain phages, so-called trans- 
posons. Animals have been found to display a multiplication of 
genes, which provides an increase in protein mass. Such multiplica- 
tion was known to take place only in plants. Today it is known to 
occur also in prokaryotes. Obviously, the duplication of genes is 
the main pathway for the initial divergence of proteins, since when 
one gene is changed, its substitute can continue to perform the old 
function. As has been said above, there exist microsymbionts, mobile 
elements of the genome, which determine the so-called supermutabil- 
ity. These are some kind of infectious processes which cause muta- 
genic bursts. These include carcinogenesis, transduction, and inte- 
gration of plasmids. In this sense, viruses and phages may be called 
“crazy genes”. 

On the other hand, the changes of genomes serve as the factors of 
the regulation of gene activity. Genetics is directly tied up with the 
biology of development. This determines such phenomena as, for 
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example, genetic recombinations in somatic cells—the so-called 
mitotic crossing-over. Intrachromosomal recombinations are pos- 
sibly responsible for the generation of antibodies, immunoglobulins. 
(see Sec. 4.8). Immunoglobulins do not obey the “one gene-one poly- 
peptide chain” principle. Each such chain of an immunoglobulin is. 
formed as a result of the mixing of the synthetic potentials of differ- 
ent genes. As a result, a nearly unlimited diversity of antibodies. 
arise from a limited number of functional genes. 

Other facts that point to changes of genomes and the regulatory 
role of these changes have been discovered in the study of mating 
behaviour in yeasts, whose cells are characterized by “sex”. There- 
has been studied the mechanism of the inverse switch of gene activity 
in prokaryotes—for example, a phaseshift, i.e., the ability to synthe- 
size one of the two flagellins, has been observed in Salmonella. 

The gene variations that are regulatory are observed for genes. 
responsible for the synthesis of ribosomal RNA and histones. In. 
particular, there arise exochromosomal copies of ribosomal DNA. 
Presumably, all multiple, sequentially repeated genes have the 
ability to multiply their number. 

Naturally, the changes of a genome based on recombinations are 
in turn subject to regulation. For example, the changes of the local 
structure of chromatin exert an influence on recombinations needed 
for the rearrangement of the genome. During ontogenesis, not only 
the blocking of genes occurs but also the rearrangements in the 
genome, in DNA, which activate or inactivate certain genes that 
affect the general activity of entire groups of genes. 

One of the key problems of modern theory of evolution is as. 
follows: Do the mechanisms responsible for microevolution account 
for macroevolution? Microevolution is defined as changes taking 
place within a population and governed by a shift in gene frequen- 
cies. In turn, such shifts are brought about by the natural selection 
of minor changes—point mutations. Macroevolution involves changes. 
above the species level, including speciation and higher taxons (it is 
the evolution of major groups such as genera, families, orders, classes, 
and phyla). 

Whereas it was believed earlier that evolution occurs slowly, by 
way of gradual accumulation of small changes, at present biology 
takes into account a multitude of facts indicating that macro- 
evolution occurred in a jumpwise manner and was not reduced to- 
microevolution. The absence of transient forms in the paleontological 
records points, in a number of cases, not to a deficiency but to the 
absence of such forms. Small changes are often not accumulated 
at all. 

Vrba pointed to differences in the evolutionary behaviour of 
“generalists” and “specialists”. The former species, which occupy 
wider ecological niches, are more intolerable to related species. 


618 Chapter 17. Problems of Biological Evolution 


“Generalists” change their species features slowly, being more stable. 
In contrast, specialized species occupy narrow niches and are more 
tolerable to related species. But small changes in the environment 
can easily knock out any such species from the occupied niche. 
Therefore, “specialists” are changed and die out more rapidly, under- 
going evolution at a faster rate. 

Today, it is obvious that evolution has gone through numerous 
diverse pathways. The most important role in evolution is played 
by the fundamental limitations of morphological potentialities im- 
posed by the properties of materials that form organisms at all 
levels of their structure. Not any organisms are possible. Why do 
Jand vertebrates have four legs? It is because their ancestors, fish, 
had four such limbs. No gradual transition can take place between 
feathers and hair, etc. 

Evolution consists of the hierarchy of processes and restrictions 
that connect possible genotypes with actual phenotypes. The instruc- 
tions coded in genomes are “filtered” through a network of develop- 
mental constraints producing a set of possible phenotypes. At this 
stage there operates natural selection, which preserves only those 
phenotypes that are adapted, i.e., have a higher value. 

Detailed studies of the populations of various species of Drosophila 
have recently shown that speciation in some cases occurs as a result 
of the accumulation of small changes and in others, by way of 
“genetic revolution”. In the former case, macroevolution is reduced 
to microevolution, and in the latter, it is not. 

In the final run, the diversity of evolutionary pathways is deter- 
mined by the dynamics of genes described briefly above, which is 
not reduced to point mutations. 

We deliberately dwell here on some purely biological problems 
in order to emphasize the complexity and diversity of modern theory 
of evolution. The entire course of development of evolution theory 
is directly associated with Darwinism and genetics. The principle 
of the increase of irreplaceability introduced here, which mostly 
leads to the increase of complexity, is in full accord with the specific 
features of evolutionary processes described. The most important 
feature is the directionality of evolution. 

Further investigations, in which evolutionary biology has to be 
combined with biophysics, require a detailed study of genomes. We 
still do not know which part of the genome is responsible for the 
species features and which for individual characters. Based on 
molecular-genetic data, which are still scarce and the available approa- 
ches, the future science will construct a model physico-mathematical 
theory of evolution. This theory will provide answers in quantitative 
form to a number of questions pertaining to the materials and rates 
of evolution. We are only beginning to build theoretical biology, the 
foundations of which were laid by Darwin and Mendel. 
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